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 Southern Flounder, Paralichthys lethostigma, are a coastal, estuarine-dependent flatfish 
species that inhabits the Southeastern US Atlantic Ocean and Gulf of Mexico. Throughout their 
range, Southern Flounder are exploited by both commercial and recreational fisheries. Recently, 
numerous sources have expressed concerns about Southern Flounder populations, with stock 
assessments indicating declines in spawning stock biomass and recruitment. To estimate life 
history traits needed for informed management, such as age, growth, and maturity, I collected 
327 Southern Flounder from Louisiana and obtained 14,184 historical records from the 
Louisiana Department of Wildlife and Fisheries. Using a von Bertalanffy growth equation in a 
Bayesian hierarchical framework, I found local-scale differences in growth between estuaries 
and parameter differences from previous studies. Logistic regression estimated an L50 of 353mm, 
which is over 100mm larger than a previous estimate for Louisiana. Finally, I evaluated the 
variability in life history estimates from historical studies throughout the range. 
 I then used generalized additive models to quantify age-0 relative abundance trends in 
Texas, Louisiana, Alabama, Florida, South Carolina, and North Carolina. Of 31 estuaries 
modeled, a significant decline was found to be occurring in 19, indicating a range-wide 
population decline. Environmental covariates including growing degree days (GDD), wind, and 
winter severity were tested to explain the trends. GDD and winter severity appeared to have 
localized effects on Southern Flounder abundance, while wind was a significant explanatory 
factor in all 21 estuaries with available wind data. Additionally, I show that Southern Flounder 
are being exposed to warmer temperatures as they develop, which could cause sex ratios to 
masculinize. This research addresses fishery management needs and seeks to explain the 
population dynamics of Southern Flounder in the Gulf of Mexico and US Southeastern Atlantic.
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Chapter 1. A Life History Update for Southern Flounder (Paralichthys 
lethostigma) in Louisiana Waters 
 
1.1. Introduction 
 Southern Flounder (Paralichthys lethostigma) are a common flatfish species that inhabits 
coastal waters (Reagan Jr. & Wingo, 1986), estuaries (Dance & Rooker, 2015; Furey, Dance, & 
Rooker, 2013), and even rivers (Farmer, DeVries, & Gagnon, 2013; Nims & Walther, 2014) 
throughout the Southeastern US Atlantic Ocean and Gulf of Mexico. Despite a large range, 
Southern Flounder are absent from the southern tip of Florida, USA (Gilbert, 1986; Ginsburg, 
1952). While this range gap creates genetically distinct populations between the Southeastern US 
Atlantic and Gulf of Mexico (Anderson & Karel, 2012; Anderson, Karel, & Mione, 2012), there 
is not thought to be within basin genetic differentiation (Wang, McCartney, & Scharf, 2015). 
Adult Southern Flounder emigrate from estuaries to spawn in offshore waters in the fall 
(Ginsburg, 1952), which is typically proceeded by decreasing water temperatures (Gilbert, 1986; 
Stokes, 1977). Winter-spawned Southern Flounder larvae rely on physical transport from tidal 
patterns (Burke et al., 1998; Enge & Mulholland, 1985), river discharge, and winds (Taylor, 
Miller, Pietrafesa, Dickey, & Ross, 2010) to recruit into estuaries where they grow and develop.  
 Throughout their range, Southern Flounder are commercially and recreationally 
exploited. In Louisiana, recreational fishery landings account for at least 75% of the fishery on 
average and most recently peaked at 624,000 pounds in 2013 (West et al., 2020). The State’s 
commercial fishery makes up a smaller portion of the landings and has declined since gear 
restrictions in 1995 (Davis, West, and Adriance, 2015). Most of the recreational fishery uses gigs 
or rod and reel to target Southern Flounder, while commercial fisheries typically use bottom and 
mid-water trawls during the fall shrimp season (Davis et al., 2015; Reagan Jr. & Wingo, 1986). 
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Southern Flounder exhibit sexually dimorphic growth, with females growing significantly larger 
than males (Fischer & Thompson, 2004; Wenner et al., 1990), and as a result, fisheries are 
dependent on and target the capture of the larger females. Recently, fishery managers across the 
species’ range have become concerned about Southern Flounder populations as stocks have been 
classified as overfished with alarming downward trends in spawning stock biomass and 
recruitment in Atlantic states (Flowers, Allen, Markwith, & Lee, 2019) and Louisiana (West et 
al., 2020), in addition to long-term juvenile recruitment declines in Texas (Froeschke, Sterba-
Boatwright, & Stunz, 2011). Regardless of whether overfishing is driving the declines, which is 
thought to be the case in the Atlantic (Flowers et al., 2019), but not in Louisiana (West et al., 
2020), fishery controls are often the most prevalent action available to fishery managers. As 
states such as North Carolina (Murphey, 2020a; Murphey, 2020b) and Texas (Texas Parks and 
Wildlife Commission, 2020) implement new seasonal, size, and bag restrictions, the life history 
of Southern Flounder will need to be considered to inform management decisions. In Louisiana, 
the Louisiana Department of Wildlife and Fisheries (LDWF) has reported several biological and 
life history data needs to improve fishery management, including the use of age samples 
collected directly from fishery-independent and -dependent sampling (Davis et al., 2015).   
 A species’ life history can be defined as the set of behavioral, physiological, and 
anatomical adaptations that are used in a cohesive strategy to influence survival and reproductive 
success (Ricklefs & Wikelski, 2002). Life histories are typically described in terms of traits, 
which are the observable and measurable qualities that species exhibit and are thought to 
contribute to increased or decreased species persistence. Perhaps the most famous framework for 
evaluating life history is the concept of r-selected and k-selected species (MacArthur & Wilson, 
1967), which clusters development schedules, body size, and reproductive strategy among other 
3 
 
traits to describe how populations approach and act near carrying capacity. Additional traits such 
as growth rate, size of young, survivorship, and mortality are related to these clusters and 
commonly included in investigations of life history (Pianka, 1970; Stearns, 1977).  
 Having accurate life history estimates for Southern Flounder is crucial to proper 
management of the stock, as the interaction of life history characteristics has a central role in the 
susceptibility of fish to overfishing and their ability to recover (Adams, 1980). Knowledge of a 
species’ life history is the starting point for any management process and continued monitoring 
of parameters is important for regularly conducted assessments (King & McFarlane, 2003). 
Traits such as maximum size, rate of growth, longevity, maturity, and natural mortality are key 
inputs for stock production and age-structured assessments. Even in cases where not all traits are 
known, a few reported traits can help provide qualitative knowledge to guide management 
(Hoenig & Gruber, 1990). For instance, estimates of natural mortality in Pacific Salmon fisheries 
enabled managers to monitor streams to maximize escapement. Similarly, estimating size-at-
maturity improved decision-making for grouper management, while imprecise size-at-maturity 
estimates created uncertainty for Bluefin Tuna (Thunnus thynnus; Young et al., 2006). Size-at-
maturity, along with maximum body size, and other life history traits serve as considerations in 
selecting minimum size limits, a common management tool, that can optimize the benefit for the 
fishery and resource users (Johnston, Arlinghaus, & Dieckmann, 2013). In Louisiana, a recent 
study in the Northern Gulf of Mexico reported a larger length-at-maturity (303.8mm; Corey et 
al., 2017) than the current length-at-maturity used for management (229; Fischer, 1999), 
indicating the usefulness of a new investigation. Finally, many state agencies are mandated to 
maintain fishing pressure at certain spawning per recruit ratios, so estimating accurate life history 
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parameters to calculate biological reference points is ultimately what drives acceptable 
management actions (Mace, 1994).  
 While life history is often used to describe a species over larger scales (ex: fish stock or 
ocean basins), Southern Flounder are known to express phenotypic plasticity across their range 
(Midway et al., 2015). Plasticity of life history traits by location can be due to genetics, or 
phenotypic adaptations to local conditions (Waples, 1991). For Southern Flounder, we know that 
genetics are unlikely to differ within the same basin (Wang et al., 2015), making phenotypic 
plasticity the most likely driver. Environmental factors are common explanations for local-scale 
phenotypic plasticity. Winter Flounder (Pseudopleuronectes americanus) were found to exhibit 
spatial plasticity in size- and age-at-maturity for populations in the Northeastern US and this 
plasticity was best explained by differences in daily bottom temperatures (Winton, Wuenschel, & 
McBride, 2014). Similarly, life histories of Atlantic Cod (Gadus morhua) were found to exhibit 
different size-specific fecundity and growth rates between Southern Gulf of St. Lawrence and 
Georges Bank populations, likely as adaptive responses to their local environments (McIntyre & 
Hutchings, 2003). As complex and spatially variable ecosystems, estuaries see frequent changes 
in environmental conditions such as salinity and river discharge (Cloern, Jassby, Schraga, Nejad, 
& Martin, 2017; Stephens & Imberger, 1996), nutrient concentrations (Kim et al., 2017), and 
circulation and upwelling (Hickey & Banas, 2003). It is these same variable estuarine systems 
that Southern Flounder use as nursery habitats in which to grow, develop, and mature (Burke, 
Miller, & Hoss, 1991; Glass, Rooker, Kraus, & Holt, 2008). Given that flounder in different 
estuaries are likely to be exposed to different environmental conditions, I expected Southern 
Flounder to show life history variability across spatial and temporal scales. This reasoning, 
combined with a changing climate (IPCC, 2014) and the general plasticity in fish life history 
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across spatial scales (Stearns, 1977), necessitates an updated and spatially conscious examination 
of Southern Flounder life history in Louisiana. Examining life histories between estuaries will 
help inform fishery management at more ecologically relevant scales, rather than current geo-
political boundaries that divide fish stocks (Christie, Fluharty, White, Eisma-Osorio, & Jatulan, 
2007; Gislason, Sinclair, Sainsbury, & O’Boyle, 2000). 
 The objective of my research was to update the growth and maturity of Southern 
Flounder in Louisiana waters, and investigate how those life history traits fit into the variability 
seen in the species across the Gulf of Mexico and Atlantic Ocean. I first sought to estimate 
Southern Flounder growth in Louisiana waters for both males and females and evaluate if female 
growth parameters vary by estuary. Second, I sought to provide an updated estimate of length- 
and age-at-maturity for female Southern Flounder in Louisiana. Finally, a meta-analysis was 
conducted to understand how the findings of this study compare to previous investigations of 
Southern Flounder life history and life history invariant relationships. All these objectives served 




 N = 327 Southern Flounder were sampled throughout coastal Louisiana from 2018–2020 
(Figure 1.1). Fishery-independent samples (n = 197) were collected in each of the five Louisiana 
Department of Wildlife and Fisheries’ (LDWF) Coastal Study Areas (CSA) as a part of state-
wide, routine, fishery-independent sampling. CSAs are relatively well defined by the estuaries 
they contain, and this study will reference both the estuaries and the CSA number. The LDWF 
fishery-independent sampling program used 4.88m otter trawls, 6.1m balloon trawls, trammel 
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nets, gill nets, and beach seines to capture fish. Sampling occurred monthly in January–March 
and August–November and biweekly in April–July and December, with the number of samples 
varying by basin (Louisiana Department of Wildlife and Fisheries, 2017).  
 
Figure 1.1. Map of locations where Southern Flounder were sampled between June 2018 and 
February 2020 in Louisiana. Dots are proportional to the sample size collected in each location. 
Fishery-dependent samples (n = 51) were collected from fish houses (seafood dealers) 
throughout Louisiana upon availability. Twenty-three fish houses were identified as open to 
scientific collaboration and were called biweekly, or until they no longer expected to receive 
flounder. In 2018, only two fish houses had flounder available to sample and an emphasis was 
placed on purchasing fish > 300 millimeters total length (TL) from those fish houses due to their 
scarcity in the fishery-independent samples. Getting these larger fish from the fishery was 
important to guide the growth curve, obtain older ages, and have access to mature fish with 
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reproductive development. No commercial fishery-dependent samples were collected in 2019. 
An additional n = 79 Southern Flounder were captured by recreational fishermen using hook and 
line methods and were frozen for pick-up and collection.  
 Each flounder was processed at Louisiana State University using the same protocol. 
Fresh fish were put on ice and processed within 72 hours of being acquired and frozen fish were 
defrosted prior to being worked up. Every fish was measured for TL [mm] and mass (g). Both 
sagittal otoliths were collected and cleaned with alcohol before being stored, although in a few 
cases only one otolith could be retrieved intact. For fish with discernible gonadal tissue, the 
gonads were removed and weighed (g). Gonadal tissues were then placed in 473 mL plastic jars 
filled with 10% neutral buffered formalin for preservation.  
 
1.2.1. Age and Growth  
 When both otoliths were collected and intact, the left sagittal otolith was embedded in a 
5:1 mixture of Araldite and Aradur and allowed to cure for 24 hours (if the left otolith was 
missing or damaged, the right was used). After the molds hardened, three 5 mm serial sections 
were taken from each otolith using a Buehler Isomet 1000 saw at the LDWF Age and Growth 
Laboratory in Baton Rouge, LA, USA. Otoliths were cut such that the long axis was 
perpendicular to the saw blade. One section was cut just to the right of the core, the second 
section directly on the core, and the final section to the left of the core. In cases where the otolith 
was too small to section three times, as many sections were taken as possible. Sections were 
mounted on glass microscopy slides and set with Loctite, then Shannon Mount, which was given 
24 hours to cure. Finally, ages were estimated by a reader at the LDWF Age and Growth 
Laboratory using a compound microscope. Fractional ages were calculated as a function of the 
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number of annuli plus the fractional ordinal date. All Southern Flounder were assumed to have a 
January 1 birthdate. After removing specimens for whom no intact otoliths were collected, or the 
available otoliths were broke, n = 315 Southern Flounder were aged.   
 In addition to the n = 315 my study collected, I obtained LDWF’s historical Southern 
Flounder aging data set. This data set contained n = 14,184 Southern Flounder from LDWF 
fishery-dependent sampling dating between 2002 and 2019. Among the parameters included 
were date of capture, sex, TL [mm], age, location, capture method, and cohort. Aging procedures 
on the 315 contemporary otoliths were designed for consistency with this historical data set and 
sought to maximize the continued usability for LDWF. Because the aging protocols were the 
same, the age estimates came from the same age and growth lab, and the same parameters were 
collected in both the contemporary data and the LDWF historical data, I incorporated both 
sources into my age and growth analyses.  
I evaluated Southern Flounder growth using the three-parameter Beverton-Holt 
parameterization (Beverton & Holt, 1957) of the von Bertalanffy growth equation (von 
Bertalanffy, 1938). Based on its common use in the literature and by management agencies, it 
was expected that the three-parameter von Bertalanffy growth equation (VBGE) would be the 
best model and the most useful in comparisons to historical growth estimates for Southern 
Flounder in Louisiana and the Gulf of Mexico. Growth was estimated separately for males and 
females as Southern Flounder exhibit sexually dimorphic growth (Fischer & Thompson, 2004; 
Wenner et al., 1990). To prevent inflated t0 values, which can lead to biased parameter estimates, 
33 indeterminate individuals less than 150mm TL were included with both sexes to anchor the 
growth curves.  
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In addition to estimating Louisiana-wide growth parameters, I wanted to investigate if 
growth differed between estuaries. A Bayesian hierarchical framework (Midway et al. 2015) was 
adopted to evaluate the spatial variability of female Southern Flounder growth between different 
estuarine systems in Louisiana, using LDWF CSAs as the division amongst estuaries. Estuarine 
groupings were not applied to male Southern Flounder due to a significantly smaller sample size 
and more uneven spatial distribution, so only Louisiana-wide parameters were estimated for 
males. Midway et al. (2015) used the same Beverton-Holt parameterization (Beverton, 1957) of 
the von Bertalanffy growth equation (von Bertalanffy, 1938) to construct the following 
framework:  
𝑦𝑖𝑗 =  𝐿∞𝑗 (1 − 𝑒 (−𝑘𝑗(𝑡𝑖𝑗 − 𝑡0𝑗))) + 𝜀𝑖𝑗               (Eq. 1.1) 
∈𝑖𝑗 ~𝑁(0, 𝜎





) ~ 𝑀𝑉𝑁(𝜇, ∑  )                (Eq. 1.2) 
𝑢 = log( ?̅?∞, ?̅?, 𝑡0̅)                  (Eq. 1.3) 
where yij is the TL [mm] for fish i from group j (females only), and tij is the estimated age for 
fish i from group j. L∞j, kj, and t0j are the three von Bertalanffy model parameters, representing 
the asymptotic length (theoretical maximum average size), growth coefficient (the rate of 
approaching L∞), and the hypothetical age at which size equals 0, respectively. The natural log of 
these three model parameters were assumed to come from a multivariate normal (MVN) 
distribution with population mean µ and variance–covariance containing L∞, k, and t0, the 
population-average parameters, describing the growth curve across all groups. The term 
population-average referred to the parameters estimated based on the entirety of collected data 
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and the term group-level referred to the female estuary-specific parameter estimates, where 
groups, j, were defined as distinct estuarine systems in Louisiana. 𝜀ij is the residual error, 
assumed to be independently and identically distributed as N(0, 𝜎2) (Midway et al., 2015).  
The hierarchical Bayesian model approach from Midway et al. (2015) provided several 
advantages over other models considered for spatial comparisons. First, the Bayesian approach 
not only fit a population-level model using all the available data to produce a Louisiana-wide 
growth estimate for each sex, but also estimated estuarine-specific parameters for females. 
Secondly, the Bayesian framework provides uncertainty estimates around each parameter, 
allowing a more intuitive and probabilistic estimate of parameter uncertainty compared to other 
estimation routines. Spatial differences in female growth were analyzed by comparing the 95% 
credible intervals (CI) of parameter estimates. If the 95% credible intervals overlapped, a 
significant difference was not present between estuaries. If there was no overlap between 
credible intervals, a significant difference in growth parameters was present. 
 
1.2.2. Maturity 
Using the body mass and gonad mass (grams), the gonadosomatic index (GSI) was 
calculated as  
Eq. 1.4. ( 
𝐺𝑜𝑛𝑎𝑑 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔)
𝑇𝑜𝑡𝑎𝑙 𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔)
 ) ∗ 100  
for each sample. GSI values provide insight into when females are making their 
reproductive investment and can be compared to previous studies (Corey et al., 2017; Fischer, 
1999; Midway & Scharf, 2012) to evaluate the current spawning season in Louisiana. In 
addition, GSI can provide a preliminary estimate of maturity by correlating elevated GSI values 
with age and length (Midway et al., 2013). 
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Next, histological sections of gonadal tissue were prepared and analyzed. Gonadal 
histology was used to confirm the sex of any individuals for which gross macroscopic sex was 
not certain, and to generate information about the specific reproductive development stage of 
each female. I only performed histological analyses on fish sampled October 1st – December 31st 
of any given year. Using this time period captured the reproductive investment of Southern 
Flounder and avoided the inclusion of regressing fish from the spring in the results (Corey et al., 
2017). A thin middle section of tissue from each gonad was removed, placed inside a 
microcassette case, and stored in 10% neutral buffered formalin. Tissues were then embedded 
using Leica Surgipath Paraplast tissue embedding medium and allowed to set at 4℃ in a 
standard refrigerator. From the embedded tissues, 5-µm tissue sections were cut with a 
microtome (Leica RM 2125 RTS) and placed in a 36℃ water bath (Leica HI 1210) before being 
dried onto a glass microscopy slide. Finally, each slide was stained using standard hematoxylin 
and eosin-y stains (Leica ST 5020). Sections were then viewed under a compound microscope by 
one reader and classified according to the most advanced stage as defined by Brown-Peterson, 
Wyanski, Saborido-Rey, Macewicz, & Lowerre-Barbieri (2011). From these stages, a maturity 
classification (mature or immature) was generated, with anything estimated as early cortical 
alveolus (CA) oocytes (Grieshaber et al., 2016), or a more advanced stage, considered mature.   
Maturity data were then used in a generalized linear model (GLM) with a binomial 
distribution (i.e., logistic regression) of the formula:  
Eq. 1.5. Yi = α + βxi + εi, 
where Yi is the Bernoulli distributed probability between 0 and 1 of a fish, i, being 
mature, α is the intercept, β is the slope or effect of the response xi on Yi, and εi is the error term. 
Eq. 1.5 was run twice; first with xi representing TL [mm] and a second time with xi representing 
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age (fractional years). I fit the maturity curves in a Bayesian modeling framework. However, 
given the relatively small sample size, n = 89, and the uneven sampling distribution (40 from 
Barataria Bay vs. 9 from Terrebonne Bay), no group-level conclusions could be drawn and only 
a single, state-wide estimate of maturity was made. 
 From the model parameters, I estimated commonly used management benchmarks 
including L50, or the length at which 50% of females are mature, and a50, or the age at which 
50% of females are mature.  
Eq. 1.6. L50 = -α1/β1 
Eq. 1.7. a50 = -α2/β2 
All data analyses were performed in the R statistical computing environment (R Core 
Team, 2020).  
 
1.2.3. Life History Comparisons 
 In addition to the quantitative estimates of life history parameters, a meta-analysis was 
conducted for any peer-reviewed publications or government agency reports that estimated 
growth or maturity parameters for Southern Flounder within the species’ range. From collected 
publications, maturity and VBGE parameter estimates were recorded for comparison to those 
estimated in this study. The meta-analysis conducted here, as well as the evaluation of 
differences, will describe the level of agreement and degree of variability present in Southern 
Flounder life history estimates. In addition to comparing life history parameters among Southern 
Flounder studies, I investigated how these studies fit in the broader context of life history by 
comparing them to the estimated invariant relationship  






from Charnov (1993). The comparison was done by calculating the value of the relationship for 
both this study and other studies with L50 and L∞ values. Without information on the error and 
uncertainty of these estimates, I was unable to make a statistical comparison of differences, but 





 Sex-specific von Bertalanffy growth equations were estimated based on 12,556 female 
and 1,507 male Southern Flounder, with an additional 33 indeterminate fish added to both. 
Parameters and their 95% credible intervals (CI) are displayed in Table 1.1. Females ranged from 
age-0 to age-6 and in total length from 165mm to 688mm. 
Table 1.1. Three-parameter von Bertalanffy parameter estimates and their 95% credible intervals 
(CI) for male and female Southern Flounder caught between January 2002 and February 2020 in 
Louisiana. All lengths are measured as total length. 
The VBGE for female Southern Flounder in Louisiana was estimated as: 
𝐿𝑡 = 477.28[1 − 𝑒
−0.603(𝑡−(−0.685)] (Figure 1.2). 
Males ranged from age-0 to age-7 and in length from 102mm to 538mm. The VBGE for male 
Southern Flounder in Louisiana was estimated as: 
𝐿𝑡 = 364.97[1 − 𝑒
−0.832(𝑡−(−0.520)] (Figure 1.3). 
Parameter Sex Mean Lower 95% CI Upper 95% CI 
L∞ (mm) Female 477.28 468.65 486.21 
k (year-1) Female 0.603 0.554 0.658 
t0 Female -0.685 -0.791 -0.582 
L∞ (mm) Male 364.97 343.54 392.18 
k (year-1) Male 0.832 0.585 1.141 




Figure 1.2. von Bertalanffy growth equation for female Southern Flounder (n = 12,556) and 
smaller undetermined fish (n = 33) captured between 2002 and February 2020 in Louisiana. Each 
fish was assigned a fractional age as a function of the number of annuli present and the month of 
capture (January 1 birthdate). Points represent individual fish and the red line represents the 
mean estimated age-at-length.  
95% credible intervals for L∞ did not overlap between males and females, while the 95% credible 
intervals did overlap for k. This supports sexually dimorphic growth in Louisiana where the 
females grew significantly larger than males, but the growth coefficients were not significantly 
different.  
 My analysis of female growth parameters by estuary resulted in some significant 
differences between Louisiana estuaries. Southern Flounder in Barataria Bay had a significantly 
smaller mean asymptotic length (L∞ = 462 mm) than Pontchartrain Basin (L∞ = 614 mm) and 
Calcasieu Basin (L∞ = 541 mm). Terrebonne Bay and Vermillion Bay were not significantly 
different from any other estuary. Vermillion Bay’s similarity was likely due to wide CI from a 
low comparative sample size (n = 235). All other comparisons of estuaries did not show any 
evidence of significant differences in L∞ estimates. For the mean VBGE growth coefficient, k, 
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Figure 1.3. von Bertalanffy growth equation for male Southern Flounder (n = 1507) and smaller 
undetermined fish (n = 33) captured between 2002 and February 2020 in Louisiana. Each fish 
was assigned a fractional age as a function of the number of annuli present and the month of 
capture (January 1 birthdate). Points represent individual fish and the red line represents the 
mean estimated age-at-length. 
Barataria Bay (k = 0.760) was again significantly different from Pontchartrain (k = 0.244) and 
Calcasieu (k = 0.324), indicating the growth coefficient may differ between these estuaries. 
Findings of the same estuaries showing significant differences was expected as L∞ and k are 
strongly negatively correlated (Pilling, Kirkwood, & Walker, 2002). No other comparisons 
produced a significant difference between estimated female growth parameters (Figure 1.4).  
 
1.3.2. Maturity 
 No maturity parameters were estimated for males, so all maturity results refer only to 
female Southern Flounder. Based on histology, the smallest mature female Southern Flounder 
sampled was 272mm and all females were mature by 375mm (one 519mm female only showed  
primary growth oocytes, but I assumed the individual was mature based on its large size and had 
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Figure 1.4. Comparison of Southern Flounder asymptotic lengths (L∞) and growth coefficients 
(k) from the von Bertalanffy growth equation between different estuarine systems in Louisiana. 
Red bars represent the 95% credible interval and the gray box is the mean estimate, with size 
varying by sample size. Overlapping bars were not significantly different, while the absence of 
overlap indicates a significant difference. Mean L∞ estimates were: Pontchartrain Basin = 613.72, 
Barataria Bay = 461.99, Terrebonne Bay = 525.16, Vermillion Bay = 504.19, Calcasieu Basin = 
540.68 TL [mm]. Mean k estimates were: Pontchartrain Basin = 0.244, Barataria Bay = 0.760, 
Terrebonne Bay = 0.466, Vermillion Bay = 0.442, Calcasieu Basin = 0.324 year-1. 
not initiated reproductive investment given its capture in early October). The mean L50 estimate 
was 353mm TL (95% CI: 341.74 to 365.13 TL [mm]; Figure 1.5). The mean a50 estimate was 
1.52 years (95% CI: 1.29 to 1.77 years; Figure 1.6). The proportion of mature females by age 
was age-0: 3.619%, age-1: 24.61%, age-2: 73.94%, and age-3: 96.10%. Proportions align with 
the parameter estimates, indicating Southern Flounder mature between age-1 and age-2, usually 
in their second fall spawning season. The examination of GSI was skewed by the lack of larger 
fish in samples from 2019 and 2020. GSI levels are elevated in October and November of 2019, 
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Figure 1.5. Probability of maturity as a function of total length (mm) for female Southern 
Flounder caught between October 1st and December 31st in 2018 and 2019 (n = 89) in Louisiana. 
The dotted blue line represents the population-level estimate using a generalized linear model 
and each black dot is an individual fish. The red dot and text indicate the parameter of interest, 
which was the length at which 50% of females are mature (L50), where L50 = 353 mm. 
but there are not enough samples of mature fish to conclusively differentiate from previous time 
periods. However, in 2018 when samples were able to be acquired from commercial fish houses, 
increasing the sample size of large and mature fish, the GSI is clearly elevated in November and 
December, aligning with the spawning season of Southern Flounder (Figure 1.7). 
 
1.3.3. Life History Macrosystem Comparisons 
 After reviewing 17 life history studies on Southern Flounder (Table 1.2), I found 
differing levels of agreement about growth and maturity parameters for Southern Flounder. 
Growth parameters appear to be estimated similarly by region (Gulf of Mexico vs. Atlantic). 
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Figure 1.6. Probability of maturity as a function of age (years) for female Southern Flounder 
caught between October 1 and December 31 in 2018 and 2019 (n = 89) in Louisiana. The dotted 
blue line represents the population-level estimate using a generalized linear model and each 
black dot is an individual fish. The red dot and text indicate the parameter of interest, which was 
the age at which 50% of females are mature (a50), where a50 = 1.52 years. 
Table 1.2. Values of life history parameter (growth and maturity) estimates from 17 studies 
reviewed as part of a comprehensive meta-analysis to evaluate similarity in estimates for 
Southern Flounder.  














Male 381 0.803 -0.011   NC 
Midway & 
Scharf, 2012 
Female 661   408 2 NC 
Wenner et 
al., 1990 





Reference       Sex L∞ (mm) k (years-1) t0 L50 (mm) a50 (year) Location 
Wenner et 
al., 1990 






Female    347  SC 
Daniels, 
2000 
Female    350  SE US Atl 
Daniels, 
2000 





776 (SL) 0.247 -0.279    Atlantic 
Nall, 1979 Both (BC) 1461 0.308 1.8629   NW FL 
Frick, 1998 540 (BC) 0.47 0.1    AL & FL 
Blanchet, 
2010 
Female 509 0.8846 0.0954  1 E. GOM 
Corey et al., 
2017 
Female 513.7 0.67 -0.5 303.8 0.96 N. GOM 
Stanfill, 2017 Female 483.2 0.97    N. GOM 




















Male  332.5 1.03 0.25   LA 
Stokes, 1977 Female     2 TX 
Matlock, 
1991 
Both 631 0.35    TX 
Stunz et al., 
2000 
Female 482.8 0.751 -0.31   TX 
Stunz et al., 
2000 
Male 384 0.496 -1.38   TX 




Figure 1.7. Gonadosomatic index (GSI) values for n = 184 female Southern Flounder captured in 
Louisiana between June 2018 and February 2020. The bolded line represents the median value, 
the box contains the first and third quantiles, and the whiskers extend 1.5 times the interquartile 
range. Points represent individual fish measurements.  
However, in addition to my study, other studies have found greater L50’s than previously 
estimated for Louisiana (Corey et al., 2017; Midway & Scharf, 2012), indicating maturity  
estimates are still variable by study.  
 For seven studies that provided both L∞ and L50 estimates (Table 1.3), none of the 
calculated Charnov relationship (Eq. 1.8) values were equal to 0.66, with six being less than 0.66 
and the present study’s calculated value being greater than 0.66 (Figure 1.8). The invariant 
estimates for Southern Flounder ranged between 0.412 in Louisiana from 2004 (Fischer & 
Thompson, 2004) and 0.739 (this study). The average relationship value was 0.538 and the 
closest value to Charnov (1993) was 0.617 (Midway & Scharf, 2012).  
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Table 1.3. Study values for female Southern Flounder used to calculate Charnov’s life history 
relationship and compared to the previously calculated L50/L∞ = 0.66. All lengths are in total 
length. 




345 699 0.494 
North Carolina 
(Midway & Scharf, 
2012) 
408 661 0.617 
South Carolina 
(Wenner et al., 1990) 
347 759 0.457 
N. GOM (Corey et 
al., 2017) 
303.8 513.7 0.591 
Louisiana (Fischer 
& Thompson, 2001) 
229 520.1 0.440 
Louisiana (Fischer 
& Thompson 2004) 
229 556.5 0.412 
Louisiana (Erickson 
et al., 2020) 
352.9 477.3 0.739 
 
Figure 1.8. Charnov life history invariant relationship calculations for seven studies on Southern 
Flounder growth and maturity. 
 
1.4. Discussion 
1.4.1. Age and Growth 
 Throughout my study, I used 14,184 samples from LDWF historical fishery-dependent 
sampling and 197 from LDWF fishery-independent sampling, addressing LDWF’s 
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request (Davis et al., 2015) for monitoring efforts to directly contribute to updated management   
information. I did find several differences between the values estimated here and those used from 
previous studies. The projected female asymptotic length, L∞ = 477mm was smaller than the 
previous estimate for Louisiana, L∞ = 556.50mm (Fischer & Thompson, 2004) and the most 
recent estimate for the northern Gulf of Mexico that included Louisiana fish, L∞ = 513.70mm 
(Corey, 2016). For males, I estimated a larger asymptotic size, L∞ = 365mm, than previously 
reported, L∞ = 332.5mm (Fischer & Thompson, 2004). While the female growth coefficient, k = 
0.60 years-1, was comparable to previous estimates of 0.51 (Fischer & Thompson, 2004) and 
0.67 (Corey, 2016), there was a noticeable difference for males. The VBGE estimated a male 
growth coefficient of k = 0.832 years-1, which was much lower than the previously estimated 
value of k = 1.03 years-1 (Fischer & Thompson, 2004).  
 A recent study examining Southern Flounder populations after the Deepwater Horizon oil 
spill in 2010 found similar patterns that support the difference in growth parameter estimation 
reported here. Stanfill (2017) reported L∞ for males being larger after the oil spill (L∞ = 
358.8mm) than prior to the spill (L∞ = 332.5mm; Fischer & Thompson, 2004). In addition, males 
were found to have smaller growth coefficients (k = 0.63 years-1) than prior to the spill (k = 1.03 
years-1; Fischer & Thompson, 2004). Similar differences were also reported for females with 
smaller L∞ values after the event (L∞ = 483.2mm post-spill vs L∞ = 556.5mm pre-spill; Fischer & 
Thompson, 2004; Stanfill, 2017). While that study failed to point to a cause of the change, it did 
indicate a change in Southern Flounder growth estimates similar to the parameters estimated here 
and identified a pattern of decreasing size on an east to west gradient in the Gulf of Mexico 
(Stanfill, 2017). This estimate of smaller fish in the western Gulf of Mexico is further supported 
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by similar VBGE estimates for Southern Flounder on the Texas coast (Stunz, Linton, & Colura, 
2000).  
 While Stanfill (2017) did not provide a direct link between the change and the oil spill, 
they did confirm that VBGE estimates in Louisiana have changed since the most recent study 
used for management. Despite our knowledge that the Deepwater Horizon negatively impacted 
fish biomass and recruitment (Ainsworth et al., 2018) and forced several pelagic species to avoid 
productive habitats (Rooker et al., 2013), it is unlikely to have accounted for the entire change 
and is not an impact this study addressed. In addition, the growth analyses include fish from both 
pre-(2002-2010) and post-spill (2010-2020), so my estimate would include changes from a single 
event within the long-term estimate. Other reasons for larger males and smaller females since 
Fischer and Thompson (2004) could include changes to habitat. Southern Flounder often group 
together and inhabit small areas on the marsh edge in estuaries and move greater distances with 
less habitat structure (Dance & Rooker, 2015; Furey et al., 2013). The rapid loss of wetlands and 
marshes in Louisiana could change suitable habitats for many marine and estuarine species 
(Jerabek et al., 2017), adjusting Southern Flounder’s energy allocation tradeoff between 
movement, feeding activities, and growth. If Southern Flounder must move further to find 
suitable habitat or food, they will spend more resources on maintenance and movement, leaving 
less available for growth. Negative effects on growth are likely to occur when marsh 
disintegration results in more water than land area, reducing the land-water interface area that is 
often positively associated with fisheries productivity in Louisiana (Browder, Bartley, & Davis, 
1985). Additionally, there is no size limit on Southern Flounder in Louisiana, so the potential 
removal of larger females due to fishing should not be discounted. Another possible explanation 
could be the reduction in fish body size as climate change has increased water temperatures over 
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the last 20 years (Cheung & Pauly, 2016). Fish would shrink in their asymptotic size because as 
water warms, fish require more oxygen, but there is a smaller supply available in the water. If 
gill size does not grow to meet the oxygen demand, then fish will be forced to remain at smaller 
body sizes due to the gill-oxygen limitation theory (Pauly & Cheung, 2018). However, more 
research is needed as not all fish species shrink with warming (Audzijonyte et al., 2020) and 
there are likely a number of interacting factors and physiological responses responsible for these 
changes (Audzijonyte et al., 2019).  
 The application of a Bayesian hierarchical framework to investigate growth differences 
between estuaries, in addition to procuring the state-wide estimate, was inspired by the field of 
macroecology (Brown & Maurer, 1989). Life histories are one of many natural phenomena that 
could vary spatially across ecosystems due to the heterogeneity of biological and environmental 
mechanisms that interact across landscapes (Urban, Neill, & Shugart, 1987). I elected to use 
estuaries as patches of microhabitat to examine the spatial variation of Southern Flounder life 
history across the macrosystem of Louisiana’s coast. Differences in Southern Flounder L∞ and k 
estimates were previously found at the estuary level throughout their range (Midway et al., 
2015), making Louisiana’s estuaries an interesting intra-state comparison. By accounting for 
these smaller spatial scales, we can better understand how individual estuarine populations 
contribute to the state-wide estimates (Fei, Guo, & Potter, 2016; Soranno et al., 2014). I 
demonstrated that Louisiana’s Southern Flounder do differ in VBGE parameters between 
estuaries of capture. Barataria Bay had significantly smaller and faster growing fish than two of 
the other four surrounding estuaries in Louisiana. However, any spatial inference in the size 
difference is difficult to draw given estuaries on both the east (Pontchartrain Basin) and west 
(Calcasieu Basin) were larger. One can rule out growth overfishing differences between 
25 
 
estuaries, as Calcasieu Basin has the largest fishing pressure in Louisiana (Smith et al., 
unpublished), but the third largest mean L∞, while Barataria Bay is in the eastern part of the state 
where fishing pressure is generally regarded as lower. Genetic differences between estuaries is 
also unlikely as Southern Flounder are regarded as separate Gulf of Mexico and Atlantic 
populations, but well mixed within basins (Anderson et al., 2012). Although genetic difference 
was weakly correlated with geographical distance, it was across the larger basin wide scale, and 
unlikely to occur within a state’s estuarine boundaries (Anderson & Karel, 2012). Given this 
evidence and the variability of estuarine systems, I agree with Midway et al., (2015) that 
estuarine-scale differences in female Southern Flounder growth are likely driven by local 
environmental and physical factors. By sampling across small and large scales, the need for more 
informed ecological predictions can be addressed and potentially improve our approach to 
environmental management (Fei et al., 2016; Heffernan et al., 2014). 
 This update of Southern Flounder life history will help improve the management of the 
fishery in Louisiana and provide more information for fishery managers to have at their disposal. 
In Louisiana, LDWF uses VBGE parameters for two purposes: 1) To estimate the age 
composition of fishery catches and 2) to calculate the species’ overall productivity score. The 
updated estimates will better reflect the age structure of fishery landings and true productivity of 
Louisiana’s Southern Flounder. This will improve management by better informing spawning 
stock biomass (SSB) and fishing mortality by age estimates, two key components of LDWF’s 
stock assessment model (Davis et al., 2015; West et al., 2020). The Bayesian hierarchical model 
also provides the opportunity for estuarine differences and parameter uncertainty to be 





 Perhaps the most significant finding of my study was the updated estimate of length-at-
maturity, L50. I estimated an L50 value of 353 mm, which was over 100mm larger than the 
previous estimate of 229mm that is currently used for Louisiana (Fischer, 1999). My estimation 
is more in line with other estimates of Southern Flounder maturity (Table 1.2) and would bring 
Louisiana’s value up from a current estimate that is comparatively low. It is more likely that this 
difference can be attributed to improvements in sampling and identification techniques than a 
biological change in Southern Flounder. Both my study and Fischer (1999) used histology to 
identify mature and immature fish, however my criterion was early cortical alveolus stage (CA), 
while Fischer (1999) classified fish as mature based on the presence of vitellogenic oocytes. CA 
oocytes are the most advanced stage in the early developing phase that signals a female fish’s 
entry into the reproductive cycle (Brown-Peterson et al., 2011). Thus, CA oocytes demonstrate 
the previtellogenic development that only occurs in mature fish and their presence as the most 
advanced stage indicates maturity (Lowerre-Barbieri et al., 2011). The use of CA oocytes to 
define maturity also follows the procedures of recent histological analyses on Southern Flounder 
(Corey et al., 2017; Midway & Scharf, 2012), which allows my value to be appropriately 
compared to current literature. My estimate of a50 = 1.52 years falls in the middle of the range of 
estimates for Southern Flounder (Table 1.2) and aligns with Southern Flounder spawning in their 
second fall. 
 The updated length-at-maturity is especially important in Louisiana, given the current 
lack of a minimum size limit on either commercial or recreational catches. Sustainable fisheries 
need individuals to reproduce and maintain the stock size, with only those in excess of the 
spawners required made available for consumptive use. These stocks become at risk of declining 
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and having slower recoveries from fishing pressure as more mature fish are caught (Döring & 
Egelkraut, 2008). For this reason, preventing the take of fish below L50, meaning most fish have 
the opportunity to reproduce and replace themselves at least once, is one of the most effective 
actions available to managers (Froese, Stern-Pirlot, Winker, & Gascuel, 2008) and maturity data 
can be used to inform size controls on the fishery. Additionally, in most stock assessments L50 is 
additionally useful to calculate SSB and the spawning potential ratio (SPR; Morgan, 2008). 
Larger L50 estimates for Southern Flounder in North Carolina led to changes in the fishing 
mortality estimated to maintain SPR at some management threshold (FSPR; Midway & Scharf, 
2012). In Louisiana, F20 is used as a benchmark and would be more accurate and representative 
of Southern Flounder’s life history by using the updated value (West et al., 2020). Ultimately, 
should LDWF consider management action for Southern Flounder stocks, the new L50 estimate 
would serve as an appropriate starting point for a minimum size that optimizes the chance for 
fish to reproduce.  
 
1.4.3. Life History Macrosystem Comparison 
 Given the collection of life history studies available on Southern Flounder, I wanted to 
compare and understand if estimates were becoming similar, or there was enough variability to 
necessitate further studies. With age and growth studies, it appears that as studies approach 
present day, they become more agreeable on the VBGE parameters used to describe Southern 
Flounder. Of note is that Southern Flounder, especially the females, grow to significantly larger 
asymptotic lengths in the US Southeastern Atlantic and much smaller in the Gulf of Mexico 
(Table 1.2). This difference can be attributed to the achievement of larger sizes in the cooler 
temperate waters of the Atlantic and smaller sizes in the warmer temperature waters of the Gulf 
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of Mexico (Fischer, 1999). Future studies may also want to examine within-state or within-basin 
growth variability to account for potential differences caused by local-scale environmental 
conditions. However, recent maturity studies in Louisiana (this study) and North Carolina 
(Midway & Scharf, 2012) have greatly increased estimates of maturity in their respective areas. 
My study’s L50 estimate was even 50mm greater and a50 was more than half a year greater than a 
2017 estimate that included some Louisiana fish for the Northern Gulf of Mexico (Corey et al., 
2017). Our finding of variability in the estimates of maturity, an important trait for management, 
highlights the need for continued, local-scale, life history studies on Southern Flounder. 
 Next, I sought to investigate where Southern Flounder life history fell in comparison to 
theorized invariant relationships such as Eq. 1.8. (Charnov, 1993). An examination of this 
relationship from my meta-analysis could also provide insight if Southern Flounder are placing 
similar amounts of effort towards maturity and growth at different locations throughout their 
range. Ultimately, the L50/L∞ relationship for Southern Flounder appeared highly variable, with a 
range between 0.412 (Fischer & Thompson, 2004) and 0.739 (this study). Studies with Antarctic 
fishes (Kock & Kellermann, 1991) and sharks (Garrick, 1982; Holden, 1972) found similar 
results with wide ranges in the relationship between species and not much agreement on 
Charnov’s estimate. Two hypotheses for these wide ranges and lack of agreement with the 
proposed invariant in Mediterranean fishes are growth overfishing, which causes fish to mature 
and reproduce earlier, and climate change, which may trigger earlier maturation and spawning 
with warmer temperatures (Tsikliras & Stergiou, 2014).  
 I evaluated these differences in Southern Flounder L50/L∞ over both space and time 
(Figure 1.9). There did not appear to be any spatial pattern that would describe the range of  
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estimated values I calculated. A lack of spatial difference was also found in the Mediterranean 
and attributed to the fact that the same cold water that would increase maximum size at higher 
latitudes would also increase size-at-maturity and keep the ratio constant (Tsikliras & Stergiou, 
2014). Temporally, the ratio appears to be increasing and getting closer to the Charnov (1993) 
value over time. The highest value is this study and all of the top three values are since 2009, 
while the lowest three values are 2004 or prior. In order for these ratios to increase, one of the 
two parameters would have to be change. I did see lower L∞ values estimated in the three most 
recent studies that also had the highest ratios when compared to the older studies in their regions 
(Corey et al., 2017; Midway & Scharf, 2012; this study). In addition, larger L50 values are being 
estimated in recent studies, including significant increases in North Carolina (Midway & Scharf, 
2012) and Louisiana (this study), increasing the numerator in the ratio. One potential explanation 
for this change in L50 is the improved histological technology and consistent use of CA oocytes. 
Older studies that estimated smaller L50 values used different methodologies, either partial 
macroscopic classification (Wenner et al., 1990), or vitellogenic oocyte presence (Fischer, 1999), 
which could have underestimated L50 and suppressed the invariant values. While I lack the 
quantitative analysis or complete information to draw conclusions about the temporal change in 
the L50/L∞ ratio for Southern Flounder, there is a pattern that would indicate increasing values in 
recent years and warrants further investigation. These findings further support the widespread 
variability of life history factors and highlight the wide range of interacting factors that drive 
differences in parameter estimates. 
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Figure 1.9. Comparisons of the spatial and temporal distributions in calculated L50/L∞ ratios for 
Southern Flounder life history studies. Panel (A) represents the calculated ratio(s) for studies by 
study location and panel (B) represents the calculated ratio(s) for studies by year. The dotted 
gray line references Charnov’s estimated value of 0.66. Dots represent one study and are colored 
by location (Louisiana = green, Northern Gulf of Mexico = orange, South Carolina = purple, 
North Carolina = pink).  
1.4.4. Summary 
 The results presented here provide an updated understanding of Southern Flounder’s life 
history in Louisiana. In doing so, I address data needs listed by LDWF (Davis et al., 2015) and 
provide information to better reflect the status of Southern Flounder and inform future stock 
assessments and management decisions. My findings are highlighted by a significantly higher 
estimate of size-at-maturity than was previously used in Louisiana, which better aligns with other 
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estimates for the species. Having updated life history information is critically important now, a 
time when Southern Flounder are seeing population and recruitment declines across their range 
(Flowers et al., 2019; West et al., 2020) and many states are implementing seasonal, size, and 
bag limit changes in the fishery. Additionally, by presenting a unique spatial analysis using a 
Bayesian hierarchical model to identify that Southern Flounder are growing uniquely in different 
Louisiana estuaries, I highlight the need for consideration of local-scale environmental variables 
and provide the necessary information to consider more spatially relevant management. 
Combined, I believe this study will contribute to the improved sustainability of the Southern 
Flounder fishery in Louisiana and the broader Gulf of Mexico region, while emphasizing the 
need for continued monitoring of the species during concerns about its long-term viability.   
32 
 




 Climate change and increased climatic variability pose serious threats to natural systems 
and their inhabitants through numerous expected impacts including increased land and ocean 
surface temperatures, greater variability in rainfall patterns, and the potential for stronger 
extreme weather events (IPCC, 2014). Aquatic ecosystems are specifically vulnerable to climate 
change as rising temperatures can lead to changes in wind patterns (Barth et al., 2007), 
acidification (Doney, Fabry, Feely, & Kleypas, 2009; Raven et al., 2005), and reduced oxygen 
concentrations (Bopp, Le Quéré, Heimann, Manning, & Monfray, 2002; Matear, Hirst, & 
McNeil, 2000), among other effects that may impact aquatic species’ abundance and distribution 
(Bijma, Pörtner, Yesson, & Rogers, 2013; IPCC, 2019). Research already documents climate-
driven changes in fish abundance and phenology (Poloczanska et al., 2016). In freshwater 
environments, climate change has been linked to growth rate variability in Walleye (Stizostedion 
vitreum) and Smallmouth Bass (Micropterus dolomieu) recruitment (Shuter, Minns, & Lester, 
2002), altered timing of reproductive investment and migration in Arctic Whitefishes 
(Coregonus spp.; Reist et al., 2006), and species-specific range shifts, contractions, and 
expansions (Comte & Grenouillet, 2015). In marine fish populations, long-term monitoring 
established a strong, non-lagging, relationship between temperature changes and habitat range 
shifts (both latitude and depth) across 360 fish species (Pinsky, Worm, Fogarty, Sarmiento, & 
Levin, 2013). Recent studies built upon this finding, further reporting that the effect of 
temperature on marine fishes is more pronounced at the cold-edges of their range (Fredston-
Hermann, Selden, Pinsky, Gaines, & Halpern, 2020). Additionally, water temperature has been 
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confirmed as a significant predictor of species occurrence, which is concerning as warming 
temperatures are expected to decrease habitat suitability for seven species, while only increasing 
habitat suitability for two species, in the northeast and mid-Atlantic United States (Rogers et al., 
2019). Climate change can also affect marine fisheries production, resulting in reduced 
recruitment success (Munday et al., 2010). While the maximum sustainable yield (MSY) of some 
species has increased with warming, increases are likely unsustainable and outweighed by larger, 
more-frequent declines in marine fisheries’ MSY (Free et al., 2019). Understanding the impact of 
climate change on marine fisheries is important, not only for conservation, but also to protect 
economies that rely on commercially and recreationally exploited species (Allison et al., 2009; 
Lam, Cheung, Swartz, & Sumaila, 2012). 
 One process important to both fish population dynamics and fisheries management is 
recruitment. In fisheries, recruitment is the process of fish achieving a harvestable size and 
joining the exploitable population (Ricker, 1975). Recruitment comprises a large source of 
variability in fish population dynamics (Hsieh et al., 2006), and a strong understanding of 
recruitment relationships with biological and abiotic factors is important for managers to 
accurately assess management benchmarks (Mace, 1994). Commonly, researchers use local scale 
environmental factors as covariates to model recruitment because of known relationships 
between abiotic drivers and larval and juvenile mortality (Stige, Hunsicker, Bailey, Yaragina, & 
Hunt, 2013). Early investigations documented wind speed and upwelling turbulence as important 
environmental forces on fish recruitment (Cury & Roy, 1989; Roy, Cury, & Kifani, 1992). 
Subsequent studies have related fish recruitment to a number of physical factors, from tides 
(Burke et al., 1998; Enge & Mulholland, 1985), to wind direction and river discharge (Taylor, 
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Miller, Pietrafesa, Dickey, & Ross, 2010), indicating just how important accounting for the    
environment is in understanding fisheries recruitment. 
 Climate-driven changes in water temperature may also affect the individual biology of 
several vertebrate taxa, including fish. Temperature-dependent sex determination (TSD) is a type 
of environmental sex-determination (ESD; Charnov & Bull, 1977) where the ambient 
temperature influences an organism’s sex. TSD was first reported (and since widely studied) in 
reptiles (Ewert, Jackson, & Nelson, 1994; Janzen, 1994; Lang & Andrews, 1994; Rhen & Lang, 
2004). TSD in fishes was later reported in Atlantic Silversides (Menidia menidia) from both 
laboratory and wild stocks (Conover & Kynard, 1981). Researchers determined that while TSD 
is present in some species, a majority of fish species exhibit ESD as genetic sex determination 
with temperature effects (GSD + TE; Ospina-Álvarez & Piferrer, 2008). GSD + TE occurs when 
one genotype, often the genotypic female (XX), is unstable and differentiates phenotypically into 
the opposite sex under thermal stress, commonly leading to population masculinization (Ospina-
Álvarez & Piferrer, 2008). This is relevant to current climate change patterns as an increase of 
only 2℃ during the critical window for development in Atlantic Silversides resulted in a 50% 
male population at 15℃ shifting to 69% males at 17℃ (Conover & Heins, 1987). A lower 
proportion of females could negatively impact measures of recruitment such as spawning stock 
demographics (Secor, 2000) and egg production (Cubillos et al., 2007; Lasker, 1985), which 
could lead to lower quality and quantities of recruits produced. Ultimately, climate change holds 
the potential to induce skewed sex ratios in species with TSD and GSD + TE.  
 Among the species where ESD occurs is Southern Flounder (Paralichthys lethostigma), a 
recreationally and commercially exploited estuarine flatfish species found in both the US 
Southeastern Atlantic and Gulf of Mexico, although a range gap is present around the southern 
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tip of Florida (Gilbert, 1986; Ginsburg, 1952). Southern Flounder experience ESD via GSD + TE 
(Ospina-Álvarez & Piferrer, 2008) and sexually determine during a narrow development 
window, 35-65 millimeters total length (TL), a size that is typically reached in the spring after 
spawning (Montalvo, Faulk, & Holt, 2012). In Southern Flounder, XY males will always 
develop as male. However, when exposed to suboptimal water temperatures for growth during 
the developmental window, XX females can develop as phenotypic males (Honeycutt et al., 
2019; Luckenbach, Borski, Daniels, & Godwin, 2009). In laboratory studies, increased 
proportions of juvenile Southern Flounder were phenotypic males following exposure to elevated 
temperatures during the development window (as well as lower temperatures; Luckenbach, 
Godwin, Daniels, & Borski, 2003). Similar findings of juvenile Southern Flounder masculinizing 
at warmer temperatures were reported in natural settings in North Carolina estuaries (Honeycutt 
et al., 2019). Because female Southern Flounder attain larger sizes than males, climate-driven 
changes in sex ratios could further manifest as changes in the size structure and biomass of the 
population (Fischer & Thompson, 2004; Wenner et al., 1990). These changes to the population 
size structure would negatively affect the fishery as Southern Flounder harvest is dominated by 
larger females. Combined, these studies highlight the species’ susceptibility for warming 
environments to masculinize individuals and possibly change the sex ratios of year classes 
(Montalvo et al., 2012). 
 Other aspects of Southern Flounder’s life history further highlight the susceptibility of the 
species to climate change. Southern Flounder migrate offshore to spawn in the fall (Craig, Smith, 
Scharf, & Monaghan, 2015; Ginsburg, 1952), typically preceded by a cold front (Gilbert, 1986; 
Stokes, 1977), which is characterized by the passing of a low pressure system followed by 
sudden shift in air and water temperatures. In laboratory studies at the northern edge of the 
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species range, spawning, hatching success, and larval growth were all optimal during winter 
water temperatures and photoperiods, with reduced spawning as conditions were artificially 
adjusted (Smith et al., 1999; van Maaren & Daniels, 2001; Watanabe, Woolridge, & Daniels, 
2006). Recruits and most spawners then return to coastal estuaries in the following months to 
grow and mature. Similar to many marine fish larvae, flounder recruits rely on physical transport 
mechanisms to reach estuaries and thus are impacted by changes in late winter and early spring 
tidal patterns (Burke et al., 1998; Enge & Mulholland, 1985), river discharge, and wind speed 
and direction (Taylor et al., 2010). These environmental factors are in addition to fishing 
pressure that depresses populations in areas such as North Carolina (Flowers, Allen, Markwith, 
& Lee, 2019). Although Southern Flounder are exploited throughout its range, fishing pressure is 
relatively low in other places, such as Louisiana (West et al., 2020). The need to better 
understand drivers of Southern Flounder abundance has been highlighted by the reports of recent 
declines in Southern Flounder recruitment (Froeschke, Sterba-Boatwright, & Stunz, 2011) and 
stock status (Davis, West, & Adriance, 2015; Flowers et al., 2019; Lee, Allen, Flowers, & Li, 
2018; West et al., 2020) throughout its range. 
 The objective of this study was to characterize the recruitment trends in Southern 
Flounder across the species’ range in the US Southeastern Atlantic and US Gulf of Mexico, and 
specifically document any declines in recruitment that have been anecdotally reported by 
numerous monitoring agencies. After quantifying any recent changes in estuarine recruitment 
trends, I chose three analyses through which to investigate the identified trends:  
1) spatial synchrony to understand if the dynamics of trends are conserved across space,  
2) environmental correlates such as wind and air temperature to measure the possible 
effect of the local environment on recruitment, and  
37 
 
3) winter duration as a proxy to the temperatures juvenile Southern Flounder are 
exposed to during the sizes when they sexually differentiate. 
 
2.2. Methods 
2.2.1. Data Sources 
 I used data from US state agencies’ fishery-independent sampling programs in both the 
Gulf of Mexico and US Southeastern Atlantic to evaluate range-wide, long-term trends in age-0 
Southern Flounder abundance. Data in the Gulf of Mexico were received from Texas, Louisiana, 
Alabama, and Florida while data for the US Southeastern Atlantic were provided by Florida 
(same agency for both coasts), South Carolina, and North Carolina. All six states conduct 
ongoing fishery-independent sampling programs encountering Southern Flounder. Due to the 
unique and specific designs of individual state sampling programs, a variety of sampling gears 
are employed to collect Southern Flounder age-0 relative abundance data. For the most part, I 
selected data from inshore otter trawls unless state agency expertise recommended a different 
sampling gear that was more effective and trusted to sample Southern Flounder in their waters 
(Table 2.1). Ideally, the same gear would be used by all sampling programs; however, this is 
rarely the case across multiple agencies, often due to the fact that an effective gear in one state 
may not be effective in another state (due to habitat, sampling logistics, or other reasons).  
 For every sampling event, all Southern Flounder were enumerated. However, beyond 
counts, processing protocols varied. To study the effects of a changing environment on Southern 
Flounder, I only included age-0 fish in the analysis to avoid demographic variability that could 
mask year-class strength. I established state-specific total length (mm) and time period cutoffs to 
subsample states’ total Southern Flounder catches for only age-0 fish because not all states aged 
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their samples. Age-0 cutoff criteria were adopted directly from the sampling agencies due to 
variability in Southern Flounder spawning timing and estuarine conditions that influence growth 
(Table A.1). All Southern Flounder captured using bag seines in Texas were considered to be 
age-0. This assumption was based on previous similar usage of bag seines in Texas (Froeschke et 
al., 2011) and the lack of a cutoff provided by the Texas Parks and Wildlife Department  
Table 2.1. Gear types and duration of sampling for young-of-year, Southern Flounder, fishery-
independent sampling programs in six states that provided data to the study. 
States Estuaries Years Gear Type Frequency Sampling Sites 
Texas1 9 1976–2017 Bag Seine Year-Round 20/monthb 





Alabama3 4 1981–2017 4.88m Otter 
Trawl 
May–June 24 routine sites 





5 1991–2018 Trammel Net Year-Round Basin-specific 
North 
Carolina6 
3 1978–2017 3.2m Otter Trawl May–June 104 routine 
sites 
a. In the South Indian River, no flounder were caught in the 6.1m trawl over a short period of available 
sampling, so data comes from a 183m haul seine.  
b. Only 10 samples per month are taken in East Matagorda Bay, TX. 
1. (Martinez-Andrade, Campbell, & Fuls, 2005) 
2. (Louisiana Department of Wildlife and Fisheries, 2017) 
3. (Alabama Marine Resources Division, 2013) 
4. (Allen, 2019) 
5. (Arnott, 2014) 
6. (Lee, 2018) 
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(TPWD). Any sampling event missing data was removed and excluded from future analyses. 
Finally, I attributed all samples to the estuary in which they were captured (Figure 2.1). This 
spatial attribution was adopted because Southern Flounder show high site fidelity to specific 
estuaries up to the age of maturity (Craig et al., 2015; Furey, Dance, & Rooker, 2013) and the 
analysis relied on modeling the dynamics within individual estuaries. Attribution utilized major 
bay or zone designations as assigned by agencies, which generally matched up with geographic 
breaks for estuarine systems. The data I used initially represented 23 estuaries in the Gulf of 
Mexico and 11 in the Atlantic, for a total of 34 estuaries in six states across two basins. I 
removed one area that was poorly defined (Gulf of Mexico, AL, which is also not an estuary) 
and two estuaries where no flounder were caught (Tampa Bay, FL and Charlotte Harbor, FL). 
All further analyses were applied to the remaining N = 31 estuaries, 20 of which were in the Gulf 
of Mexico (Figure 2.1). All data loading, quality control, and analysis was done in the R 
statistical computing environment (R Core Team, 2020). 
 
2.2.2. Quantify Age-0 Relative Abundance Trends 
 To quantify trends in Southern Flounder age-0 relative abundance, I evaluated several 
time-series models using both explicit (AIC, residual plots, convergence) and implicit (model 
form, data requirements) model selection. Relative abundance was measured in catch per unit 
effort (CPUE), which I defined as the number of Southern Flounder enumerated per sampling 
event. GAMs were identified as the best statistical tool to model age-0 Southern Flounder 
abundance for four primary reasons: 1) The smoothing function of GAMs allowed us to input 
multiple points at the same time step without aggregation and to maintain the information that 
multiple points can provide to a model; 2) As non-parametric models, GAMs possess a large
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Figure 2.1. Map of estuaries in the Gulf of Mexico and US Southeastern Atlantic with age-0 Southern Flounder data used in this study. 
There are N = 31 total estuaries, n = 11 in the Atlantic and n = 20 in the Gulf of Mexico. Dots are colored according to their respective 
states, placed on the estuaries, and labeled by the connecting lines. Please note that the dot sizes are uniform and not related to the size 
of the estuary.  
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amount of flexibility to fit different trends as the data determines the shape of the model. This 
flexibility serves in contrast to parametric models where the shape of trends is constrained by the 
model (Yee & Mitchell, 1991); 3) GAMs can be applied to data with a variety of statistical 
distributions (Guisan, Edwards, & Hastie, 2002), which is an appealing characteristic given the 
large number (N = 31) of variable data sets used; 4) The smoothing function of GAMs better 
captured the general, long-term trend that the study was interested in examining, as opposed to 
other time series models where year-to-year variability can be overwhelming. 
 For each of the 31 estuaries, a GAM was fit with the general formula: 
 Eq. 2.1. 𝑌𝑖𝑗 =  𝛼𝑗 + 𝑆(𝑥𝑗) +  𝜀𝑗, 
where Yij are the observations, i, of age-0 flounder CPUE in each estuary, j, αj is the group 
intercept, S() is the smoothing function, xj is the year in each estuary, and εj is the estuary 
specific error.  
 As the GAM smoothed the multiple observations, the model structure that emerged was:
 Eq. 2.2. 𝑔 (𝐸(𝑌𝑗)) = 𝛼0𝑗 +  ∑ 𝑓𝑗(𝑥𝑗)
𝑗
𝑗=1 , 
where E(Yj) is the expected value of age-0 Southern Flounder CPUE, with a negative binomial 
distribution and a canonical log-link function g(), 𝛼0𝑗  is the intercept for each group (estuary), j, 
and fj is the smooth function of the covariate (year), xj, for each estuary. GAMs were fit with a 
negative binomial distribution to account for the frequent occurrence of zero-samples in the data. 
Models were also fit with a thin plate spline smoothing function (Wood, 2003). Thin plate 
splines were selected for their advantages as the most general and widely applicable spline 
(Pedersen, Miller, Simpson, & Ross, 2019). Thin plate splines provided an appropriate option to 
maintain statistical integrity and avoided conflicts with knot placement while investigating non-
seasonal, unknown trends. Smoothing functions were optimized through an automated procedure 
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using restricted maximum likelihood (REML) during model fitting. REML was selected over 
other fitting criteria for its greater penalization of overfitting and reduced smoothing variability 
(Wood, 2011). Additionally, I used the check.gam diagnostic tools to check residuals and 
compare the maximum degrees of freedom (k’) to the effective degrees of freedom (edf). These 
diagnostics provided another check for overfitting and prevented underfitting by determining if 
the k’ was optimal. Ultimately, all models were fit using the default k’, k’ = 9, as a compromise 
to provide sufficient model space, but also limit overfitting and excessive wiggliness. The 
exception was Port Royal Sound, SC (k’ = 8) due to its shorter duration. All models were fit in R 
(R Core Team, 2020) using the mgcv package (Wood, 2011).  
 After fitting the models, each was visually inspected to determine the direction of the 
trend. Statistically, trends were evaluated using the additive effects of the model, where a 
positive effect indicated a positive trend and a negative effect indicated a negative trend. Further, 
model fit was determined through the traditional means of percent deviance and statistical 
significance (α = 0.05). Residual plots were visually examined for a normal distribution and 
consistency of variance over time. Finally, as a simple comparison of change in the time series, 
the first and last two years of GAM-predicted annual CPUE values were compared to examine 
which time period of values was greater. I used two years as opposed to a direct end year minus 
start year subtraction to account for year-class variability and indicate a sustained reduction. 
 
2.2.3. Spatial Synchrony 
 I measured synchrony using the coefficients from the GAMs to predict fitted annual 
values (means) and standard errors of age-0 Southern Flounder CPUE for each estuary. In order 
to analyze pairwise synchrony across estuaries, I first needed to subset each estuary pair such 
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that only the years in common were included. One additional estuary (Port Royal Sound, SC) 
was removed due to limited sampling (9 years). In total, 435 unique pairwise synchrony analyses 
were conducted based on pairings of 30 estuaries.  
 Pearson’s product-moment correlation coefficient was used as a metric of synchrony 
(using the meancorr function in the synchrony package; Gouhier & Guichard, 2014). 
Pearson’s correlation was selected over other synchrony metrics that required local minima and 
maxima, which many estuaries in the data did not have. The use of Pearson’s correlation 
coefficient for synchrony has been applied in similar studies examining spatial patterns of 
synchrony for juvenile abundance indices in fisheries (Bacheler, Paramore, Buckel, & Scharf, 
2008). I did not calculate significance of the correlations because of the added statistical 
machinery required, opting to instead establish the strength and direction of correlations with an 
understanding that shorter time-series can inflate correlation strength.  
 A Pearson product-moment correlation coefficient was calculated for each pair of 
estuaries. To determine if estuaries in close proximity were more synchronous than estuaries 
farthest apart, correlations from within both the Gulf of Mexico and Atlantic were split. t-tests 
were performed between neighboring estuaries (the two closest estuaries in the respective basin) 
and distant estuaries (the two furthest in the respective basin) to test for local patterns in 
synchrony. Significant differences were defined by a test statistic that yielded a p-value < 0.05. 
No multiple comparison adjustments were conducted on the t-tests because each test was 
conducted on a unique set of correlation values. Additionally, to investigate if the level of 
synchrony was increasing in recent years—hypothesized by widespread reports of declining 
Southern Flounder populations (Flowers et al., 2019; West et al., 2020)—I repeated all 
synchrony procedures limiting the data to the most recent five years. 
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2.2.4. Environmental Correlates 
2.2.4.1 Data Collection 
 All environmental data was obtained from the National Oceanic and Atmospheric 
Administration’s National Data Buoy Center (NDBC)1. Specific buoys selected were those in an 
estuary (or immediate vicinity) that contained the longest, consecutive data set (Figure 2.2). 
Fields of interest were year, month, day, hour, minute, wind direction (degrees), wind speed 
(m/s), atmospheric temperature (℃), and water temperature (℃). Due to data transmission 
issues, extreme weather events, and maintenance, there existed a significant amount of missing 
data. In cases where less than three consecutive days were missing, blanks were filled in with the 
value from the succeeding entry (day). In cases where more than three consecutive days of data 
were missing, I excluded that month from future analyses. I only conducted analyses on estuaries 
with at least seven years of data from the NDBC for the variable(s) of interest to ensure enough 
data points for interpretation. 
 
2.2.4.2. Growing Degree Days 
 I used growing degree days (GDD) to examine the relationship between air temperature 
and age-0 abundance. Although real-time water temperature would be most appropriate for this 
relationship, its availability was scarce over a large geographic range. Air temperature, however, 
was more widely available and strongly correlated with water temperature, making it a useful 
proxy (Caissie, El-Jabi, & Satish, 2001; Stefan & Preud’homme, 1993). GDD is an index of the 
metabolically relevant thermal energy a fish, or in this case a population of fish, would 
experience over a given time period (Chezik, Lester, & Venturelli, 2014a). Thermal energy can 
 




Figure 2.2. Map of the locations of the National Data Buoy Center buoys from which environmental correlates were collected. 
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affect organismal development (Trudgill, Honek, Li, & Van Straalen, 2005), including fish 
growth (Neuheimer & Taggart, 2007) and maturity (Venturelli, Lester, Marshall, & Shuter, 
2010). I calculated the GDD for an individual day (℃-days) as:  
 Eq. 2.3. 𝐺𝐷𝐷 = ( 
𝑇𝑚𝑎𝑥+𝑇𝑚𝑖𝑛
2
) −  𝑇0, 
where Tmax and Tmin are the maximum and minimum daily temperatures respectively, and T0 is 
the temperature threshold at which thermal energy affects biological functions and processes, 
such as growth or spawning. The form of GDD used in the analyses is cumulative GDD, where 
non-negative GDD values are summed over the period of interest. I tested all relationships using 
standard T0 values of 10℃, 15℃, and 20℃ as recommended by Chezik et al. (2014a). Testing 
relationships against different T0 values is important given the wide spatial coverage of the data 
because thresholds can vary with location and using an incorrect threshold can artificially 
generate or suppress an effect (Chezik, Lester, & Venturelli, 2014b). In addition, there is not 
much existing guidance on varying T0 for broadly distributed species and since Southern 
Flounder lack an established T0 reference, it was most appropriate to test at all levels mentioned 
above. The best T0 value was the highest threshold at which GDDs could be calculated in all 
months. 
 The periods of interest for this study were winter and early spring months, which contain 
the time period during which environmental correlates are thought to have the greatest impact on 
recently spawned and developing juvenile Southern Flounder. However, recruitment timing is 
highly variable, even in the same location (Flounder Technical Task Force, 2015), providing no 
pre-determined time frame to examine at each location. As a solution, I conducted multiple 
comparisons for periods of an individual month and two consecutive months for the preceding 
December through April. Linear models with the notation: 
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 Eq. 2.4. 𝑌𝑖 =  𝛼𝐴 + 𝑥1𝛽1 +  𝜀𝑖, 
where Yi is the annual GAM predicted value of CPUE from Eq. 2.2, 𝛼𝐴 is the intercept, x1 is the 
value of cumulative GDD, 𝛽1 is the slope, or effect of GDD on the annual CPUE value, and 𝜀𝑖 is 
error, were fit for each estuary, in each set of time periods, to evaluate any effect of GDD on 
Southern Flounder age-0 relative abundance. Models with a significant effect of GDD (p < 0.05) 
were identified as estuaries where temperature may affect age-0 Southern Flounder abundance.   
 
2.2.4.3. Wind Direction and Speed 
 The wind speed data were represented by summed hourly, directional wind speeds for the 
same periods of time discussed in the GDD methodology. I separated wind direction into eight 
directions by 45° increments (NNE, NEE, ESE, SES, SSW, SWW, WNW, and NWN). Linear 
models with the notation: 
 Eq. 2.5. 𝑌𝑖 =  𝛼𝐵𝑗 + 𝑥2𝑗𝛽2𝑗 +  𝜀𝑖𝑗, 
where Yi is the annual GAM predicted value of CPUE from Eq. 2.2, 𝛼𝐵𝑗 is the intercept, x2j is the 
value of summed, directional wind speed, 𝛽2𝑗 is the slope, or effect of wind on the annual CPUE 
value, and 𝜀𝑖𝑗 is error, were fit for each estuary, in each set of time periods, to elucidate the effect 
of wind speed and direction on Southern Flounder age-0 recruitment. Models and thus 
parameters were estimated separately, using corresponding unique x2j values, for each of the 
eight wind directions, j. Models with a significant effect of wind (p < 0.05) were identified as 
estuaries where wind speed and direction may have an effect on age-0 Southern Flounder 
abundance in that estuary. Significant effects with a negative estimate indicated increased wind 
speed from a given direction resulted in lower Southern Flounder relative abundance, while 
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significant effects with a positive estimate indicated increased wind from a given direction 
resulted in a greater relative abundance. 
 
2.2.4.4. Winter Severity 
 Given the importance of winter temperatures to flounder spawning, recruitment, and 
development (Gilbert, 1986; Stokes, 1977), I also investigated the impact of winter severity on 
Southern Flounder age-0 abundance. Winter was defined as the period between December 1st of 
the preceding year and March 31st. The effect of winter severity was tested by the number of 
days when a) Tmax > 20℃ and b) Tmax < 20℃. Linear models with the notation: 
 Eq. 2.6. 𝑌𝑖 =  𝛼𝐶 + 𝑥3𝛽3 +  𝜀𝑖, 
where Yi is the annual GAM predicted value of CPUE from Eq. 2.2, 𝛼𝐶 is the intercept, x3 is the 
number of days that met a threshold, 𝛽3 is the slope, or effect of winter severity on the annual 
CPUE value, and 𝜀𝑖 is error, were fit for each estuary to elucidate the effect of winters on 
Southern Flounder. Models with a significant effect of winter severity (p < 0.05) were identified 
as estuaries where the severity of winter temperatures may have an effect on age-0 Southern 
Flounder abundance. Significant effects with a negative slope indicated a negative effect, where 
more days meeting the criteria resulted in lower Southern Flounder relative abundance. 
Significant effects with a positive slope indicated a positive effect, where more days meeting the 
criteria resulted in a greater relative abundance.  
 
2.2.5 Closing Window for Development 
 Although I did not have observed sex ratios in the data, I wanted to develop an analysis to 
evaluate the possible relationship between water temperatures at the time of sex determination 
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and age-0 relative abundance later in the year. This analysis was limited to water temperature 
measurements (as opposed to air temperatures) because water temperatures related to shifting sex 
ratios have been published and therefore can be directly referenced (Honeycutt et al., 2019; 
Luckenbach et al., 2003; Montalvo et al., 2012). Furthermore, it is recognized that Southern 
Flounder samples later in the year are of unknown sex ratios; however, it has been well 
established that catches are increasingly female as fish get older and that as early as age-0 males 
may occur in habitats different from where females occur (T.F. Farmer, unpublished data; 
Reagan & Wingo, 1985; Stokes, 1977) and experience different size-dependent mortality (S.R. 
Midway, unpublished data). Given the requirement of available, high quality and long-term 
water temperature data, the analysis was limited to 12 of the original 31 estuaries. The criteria for 
data was at least 10 years in duration and years missing consecutive months of data were 
excluded. Long-term water temperature data was downloaded from the NDBC by selecting 
buoys in an estuary (or immediate vicinity) containing the longest consecutive data set. After 
finding an insufficient number of estuaries with appropriate data from NDBC, the sample was 
supplemented with data from the National Estuarine Research Reserve System (NERRS) and the 
United States Geological Survey (USGS) using the National Water Information System (Table 
A.2). For NERRS data, only entries that had been quality controlled were kept. Water 
temperature was aggregated to calculate the average temperature (℃) for each day.  
 Consecutive years of water temperature data were paired so that the fall (August–
December) of the preceding year were matched with the spring and summer of the following 
year (January–July). First, cold fronts were identified, although I acknowledge that the resulting 
temperature change can vary depending on latitude and severity of the frontal system. Cold front 
occurrence was set as the instantaneous difference in temperature over 48 hours. I was most 
50 
 
interested in fronts that would signal flounder egression and thus we chose location-specific 
reductions in temperature that did not occur frequently (more than once a week), but also 
occurred more than once per fall. This was tested by initially counting the occurrence of 4℃ 
differences. If any year had less than two occurrences, I tested 3.75℃ and if all had more than 
two, I tested 4.25℃. This continued in a similar stepwise fashion until a cold front criterion was 
selected that occurred multiple times in each year. From this set of identified cold fronts, the 
second cold front occurrence was used to mark the start of development, under the assumption 
that not all spawning flounder will leave at the first cold front, but mature individuals will likely 
have migrated by the last cold front. The end the development period was defined by identifying 
dates when water temperatures surpassed warming thresholds (15℃, 18℃, 20℃, 23℃, and 
25℃) for ten consecutive days. These thresholds were selected because 15℃, 20℃, and 25℃ 
are reasonable water temperatures in the sampling locations, while 18℃ and 23℃ were used in 
Luckenbach et al. (2003). While the cold front occurrence criteria were unique to each estuary, 
all five warming thresholds were tested at each location. I utilized different criteria because 
climate varies over the study area (from south Texas to northern North Carolina) and similar 
temperature profiles and biological responses are not expected in each estuary. The number of 
days between the second cold front and warming is referred to as the development window, or the 
period when young of year Southern Flounder would be vulnerable to temperatures during ESD 
(Honeycutt et al., 2019; Montalvo et al., 2012). To determine if the development window 
changed over time a linear model was fit:   
 Eq. 2.7. 𝑌𝑖 =  𝛼𝐷 + 𝑥4𝛽4 +  𝜀𝑖, 
where Yi is the length of the development window, 𝛼𝐷 is the intercept, x4 is the year, 𝛽4 is the 
slope, or measure of development window change with time, and 𝜀𝑖 is error. Models with a 
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significant negative slope (p < 0.05) were identified as estuaries where the development window 
length could change sex ratios. 
 
2.3. Results 
2.3.1. Quantify Trends 
 Of the 31 estuarine-specific GAMs ran to model annual age-0 Southern Flounder relative 
abundance, year was a significant smoothing factor for 23 models, indicating significant changes 
in Southern Flounder abundance over time (Table 2.2). Of the eight estuaries where year was not 
significant, two estuaries (Barataria Bay, LA and North Indian River, FL) had heavily zero-
inflated catches and were best represented by a GAM with horizontal trends of CPUE close to 
zero. Temporal trends explained between 1.75% (Cape Romain, SC) and 33.9% (Cedar Key, FL) 
of the deviance in Southern Flounder abundance (Table A.3). In 19 of the 23 significant GAMs 
(83%), a long-term decline was detected, where the CPUE of age-0 Southern Flounder was lower 
in the final two years of data than in the first two years of reporting. Declines were present in 
both the Gulf of Mexico (Figure 2.3) and US Southeastern Atlantic (Figure 2.4). Upper Laguna 
Madre, TX and Sabine Lake, TX were the only estuaries where CPUE of age-0 Southern 
Flounder was greater in each of the last two years (0.063 and 0.061 flounder per sampling event 
in 2017, respectively) than the first two years of sampling (0.057 and 2.91 x 10-5 flounder per 
sampling event in 1976, respectively). In the last five years when declines have been reported, 
Upper Laguna Madre, TX and Charleston, SC are the only estuaries to see an increase in 
Southern Flounder (0.046 [2013] and 0.12 [2014] vs 0.063 [2017] and 0.15 [2018], respectively). 




Table 2.2. Outputs from the 31 estuary-specific generalized additive models of age-0 Southern 
Flounder catch per unit effort over time. These outputs examine the significance or non-
significance of year (α < 0.05) as well as the changes over the entire length of the time series. 
Bold text indicates a significant effect of year on Southern Flounder CPUE, and non-bolded font 
indicates an insignificant effect. In the CPUE Difference (All Data) column, the parenthetical 
Y/N indicates if the last two years of values were both greater than or less than the first two 
years. The 5-Year Reference starts in 2013 with a Last Sampling Year in 2017, unless noted by *, 



















Lower Laguna Madre, TX 1976: 0.360 0.045 0.044 -0.316 (Y) -0.001 0.12 
Upper Laguna Madre, TX 1976: 0.057 0.046 0.063 0.007 (Y) 0.018 0.03 
Corpus Christi, TX 1976: 0.041 0.047 0.043 0.002 (N) -0.004 0.09 
Aransas Bay, TX 1976: 0.317 0.051 0.041 -0.276 (Y) -0.009 0.14 
San Antonio Bay, TX 1976: 0.066 0.062 0.055 -0.011 (Y) -0.007 0.11 
Matagorda Bay, TX 1976: 0.103 0.051 0.031 -0.072 (Y) -0.020 0.14 
East Matagorda Bay, TX 1983: 0.129 0.048 0.020 -0.109 (Y) -0.028 0.14 
Galveston Bay, TX 1976: 0.123 0.151 0.077 -0.046 (Y) -0.074 0.21 
Sabine Lake, TX 1976: 0 0.205 0.061 0.061 (Y) -0.144 0.12 
CSA7/Sabine & Calcasieu, LA 1980: 0.248 0.156 0.069 -0.179 (Y) -0.086 0.31 
CSA6/Vermillion Bay, LA 1980: 2.629 0.104 0.035 -2.594 (Y) -0.069 0.22 
CSA5/Terrebone Bay, LA 1980: 0.207 0.248 0.011 -0.196 (Y) -0.238 0.20 
CSA3/Barataria Bay, LA 1980: 0.019 0.028 0.029 0.010 (Y) 0.001 0.02 
CSA1/Pontchartrain, LA 1980: 0.269 0.094 0.012 -0.257 (Y) -0.083 0.15 
Mississippi Sound, AL 1981: 0.044 0.002 0.001 -0.043 (Y) -0.001 0.04 
Mobile Bay, AL 1981: 0.586 0.036 0.019 -0.568 (Y) -0.017 0.29 
Little Lagoon, AL 1992: 0.082 0.086 0.084 0.002 (N) -0.002 0.18 
Perdido Wolf System, AL 1981: 0.004 0.106 0.079 0.075 (Y) -0.027 0.13 
Apalachicola, FL 1998: 0.032 0.073 0.022 -0.010 (N) -0.051 0.08 
Cedar Key, FL 1996: 0.006 0.002 0 -0.006 (Y) -0.002 0.02 
Southern Indian River, FL 1998: 0.074 0.001 0 -0.075 (Y) 0 0.01 
Northern Indian River, FL 1996: 0.003 0.001 0 -0.003 (Y) -0.002 0.001 
Jacksonville, FL 2001: 0.103 0.112 0.028 -0.075 (Y) -0.084 0.17 
Port Royal Sound, SC 2010: 0.064 *0.086 *0.088 0.024 (Y)     0.002  0.08 
ACE Basin, SC 1994: 0.428 *0.194 *0.105 -0.323 (Y) -0.089 0.18 
Charleston Harbor, SC 1991: 0.492 *0.120 *0.151 -0.341 (Y) 0.032 0.21 
Cape Romain, SC 1994: 0.102 *0.051 *0.040 -0.062 (Y) -0.011 0.08 
Winyah Bay, SC 2003: 0.214 *0.230 *0.175 -0.039 (Y) -0.055 0.22 
Cape Fear, NC 1978: 1.90 0.406 0.240 -1.662 (Y) -0.166 1.05 
Pamlico, NC 1978: 1.530 2.763 1.075 -0.456 (Y) -1.689 3.30 
Albemarle, NC 1981: 1.156 0.686 0.515 -0.641 (Y) -0.171 1.065 
2.3.2. Spatial Synchrony 
 435 unique correlations were calculated to estimate spatial synchrony between 30 
estuaries. Based on these 435 correlations, 305 were positive (70%) and 130 were negative 
(30%) with an absolute mean of r = 0.47 (Figure 2.5; upper triangle). Based on t-tests, there was 
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no evidence for regional synchrony in the correlations, suggesting that proximity between 
estuaries was not driving the widespread correlations that were measured. When neighboring 
estuaries and distant estuaries were compared, only 2 out of 30 (6.67%) had a significant 
difference. Matagorda Bay, TX and Pontchartrain Basin, LA were more synchronous with their 
neighboring estuaries than distant estuaries and none were more synchronous with distant 
estuaries. When the last five years of data were examined, 352 correlations were positive (81%) 
and 83 were negative (19%) with a mean absolute correlation of r = 0.9, almost double the long-
term correlation coefficient (Figure 2.5; lower triangle). Negative correlations indicated when 
declines were occurring elsewhere, those locations were moving in a positive direction. The 
remainder of estuaries were involved in strong positive declines, where downward trends 
mirrored each other across basins. When neighboring and distant estuaries were compared for the 
previous five years, none showed significantly stronger correlation with neighboring estuaries 
and three were significantly stronger with distant estuaries, indicating the lack of any regional 
synchrony in the macroscale pattern. 
 
2.3.3. Environmental Correlates 
2.3.3.1. Growing Degree Days 
 Out of the 31 estuaries investigated, 17 were analyzed based on available air temperature 
data for at least seven years. These estuaries included five in Texas, three in Louisiana, one in 
Alabama, four in Florida, one in South Carolina, and three in North Carolina (Supplemental 
Figures A.1-A.4). Of those 17, only six showed a significant effect of GDD on age-0 Southern 
Flounder abundance. Two estuaries had a positive effect, which took place in early winter 
months, with January GDD being significant in Corpus Christi, TX, and December GDD
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Figure 2.3. Generalized additive models (GAMs) of fishery-independent, age-0 Southern Flounder CPUE for 20 estuaries in the Gulf 
of Mexico (TX-Orange, LA-Purple, AL-Black, and FL-Green). All models were fit using a negative binomial distribution and 
restricted maximum likelihood to select the number of knots. Red shading highlights the last five years of data.  
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Figure 2.4. Generalized additive models (GAM) of fishery-independent age-0 CPUE of Southern Flounder for 11 estuaries in the US 
Southeastern Atlantic (FL-Green, SC- Red, NC-Blue). All models were fit using a negative binomial distribution and restricted 
maximum likelihood to select the number of knots. Red shading highlights the last five years of data. 
 
 
being significant in Barataria Bay, LA. Four estuaries, Aransas Bay, TX, Galveston Bay, TX, Mobile Bay, AL, and Pamlico Sound, 
NC had a negative effect of GDD, where higher temperatures estimated lower age-0 abundance. Significant negative relationships 
were most common in later months after February and into March and April. Four of the significant relationships were compared to
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Figure 2.5. Correlation plot showing the Pearson product-moment correlation between annual 
predicted values of Southern Flounder CPUE for pairs of estuaries. The upper triangle is the 
correlations over the entire range of data and the lower triangle is the correlations from the last 
five years. Larger, darker circles indicate stronger correlations and smaller, lighter circles 
indicate weaker correlations. Blue circles are positive correlations, while red circles are negative 
correlations. Empty boxes are correlations close to zero and the diagonal has also been left blank 
to better define the difference between halves. States start with Lower Laguna Madre, TX as 
TX1 and move eastward, then north on the Atlantic Coast to Albemarle Sound, NC as NC3 (the 
sequence of estuary codes follows the sequence of estuary labels in Figure 1). 
T0 = 20℃, except for Mobile Bay and Pamlico Sound where T0 = 15℃ due to the lack of 




2.3.3.2. Wind Speed and Direction  
 Twenty-one of the 31 estuaries had available wind direction and speed data for at least 
seven years and were included in the analysis. These included eight estuaries in Texas, four in 
Louisiana, one in Alabama, four in Florida, one in South Carolina, and three in North Carolina 
(Supplemental Figures A.5-A.9). All 21 had at least one significant relationship with wind, with 
15 showing significant relationships with multiple directions and six unidirectional relationships. 
Thirteen showed both positive and negative relationships, either with different wind directions, 
or the same wind direction at different times of year. Each of the eight direction vectors were 
significant for at least one estuary. The number of wind directions significant for a given estuary 
ranged between one and six. The exact timing and directions of significance varied greatly 
among estuaries.  
 
2.3.3.3. Winter Severity 
 The same 17 estuaries with at least seven years of air temperature data that were used in 
the GDD analysis were also analyzed for winter severity. Of those, only two showed a 
significant relationship between at least one of the thresholds: a) Tmax > 20℃ or b) Tmax < 20℃, 
and age-0 Southern Flounder abundance (Figure 2.6). Galveston Bay, TX and Apalachicola, FL 
both had significant effects in the negative direction for a and in the positive direction for b. 
Relationships indicated that on average warmer winters led to lower age-0 Southern Flounder 






2.3.4. Closing Window for Development 
 Between NDBC, NERRS, and USGS data sources, I acquired long-term water 
temperature data sets for 12 estuaries. No reliable or proximate long-term water temperature data  
Figure 2.6. Linear models of the effect of winter severity, the number of days between December 
and March with maximum temperatures above (and below) 20℃ in a given year. Lines are red to 
show a negative effect, where warmer winters estimated lower levels of age-0 Southern Flounder 
abundance, and the 95% confidence interval is showed in the shaded region.  
were available for the other 19 estuaries. Seven of the 12 estuaries were found to have a 
significant negative effect of time; in other words, the duration of cold temperatures during 
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spawning was significantly decreasing in at least seven estuaries I studied (Figure 2.7). There 
was no significant change in the development window for Sabine Lake, LA, Barataria Bay, LA, 
ACE Basin or Winyah Bay, SC, and Jacksonville, FL. In Aransas Bay, TX, the development 
window has declined by an average of 58 days between 1991 and 2017, which was the temporal 
extent of available environmental data. Vermilion Bay, LA had a window closing by an average 
of 30 days between 1998 and 2020. The development window in Pontchartrain Basin, LA has 
closed by 50 days between 1996 and 2020. In Apalachicola, FL, the resulting development 
window declined by an average of 48 days during the extent of available data between 1996 and 
2018. In Charleston, SC, the development window has closed by 53 days between 1998 and 
2020. For Cape Fear, NC there was a significant negative relationship resulting in the 
development window closing by 23 days between 1995 and 2019. Finally, the development 
window in Pamlico Sound, NC has closed by an average of 67 days between 2006 and 2018 
(Table 2.3).  
 
2.4. Discussion 
2.4.1. Relative Abundance Trends 
 Southern Flounder age-0 relative abundance is declining range-wide in the majority of 
estuarine systems in both the US Southeastern Atlantic Ocean and Gulf of Mexico. While stock 
assessments and abundance estimates are often conducted and reported locally, incorporating 
range-wide data provides macroscale knowledge of Southern Flounder. In using the relative 
abundance estimates from state agencies, I not only ensured the data was collected using 
scientifically sound methods, but I also use the same data that informs stock assessments and 
fishery management decisions (Conn, 2011). While all data collection and fishery monitoring is 
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Figure 2.7. Linear models of development window length over time for seven estuaries with 
significant relationships. Each color band is 30 days, representing approximately one month of 
change. Background colors correspond to the color scheme associated with states in earlier 




important, my study presents the unique opportunity to examine multiple data sets of over 30 
years, highlighted by data from TPWD that begins in 1976. Not only are long-term studies rare 
in ecology, but long-term monitoring is essential to informed fishery management and provides 
the opportunity to accurately and historically compare stocks (Makinster, Persons, Avery, & 
Bunch, 2010). Age-0 relative abundance was used as a proxy for Southern Flounder annual 
recruitment because most of the variability in recruitment is determined at the egg and larval 
stages (van der Veer, 1986; van der Veer, Berghahn, Miller, & Rijnsdorp, 2000). By the time 
age-0 fish are vulnerable to the gear, they are settled into estuarine nurseries and likely large 
enough to index year class strength prior to the adult stage. Knowledge of the age-0 year class 
serves as a crucial index of the smaller fish that survived the most vulnerable stage of 
recruitment and will be needed to replace spawning adults (Ricker, 1975; van der Veer et al., 
2000). Use of recruitment indices is common in stock assessments and management decisions 
and the presence of a recruitment decline indicates the need for remedial action (Sammons & 
Bettoli, 1998). 
 Although Southern Flounder relative abundance was declining in a majority of the 
estuaries investigated (19 of 23), not every estuary exhibited the same rate or magnitude of 
decline. Having long-term data sets with consistent methodology allowed us to report trends of 
varying magnitudes, linear or nonlinear, and abrupt or gradual (Magurran et al., 2010). Without 
long-term data from states such as North Carolina, Texas, Louisiana, and Alabama, the statistical 
tests may have lacked the power necessary to detect smaller trends (Wagner, Irwin, Bence, & 
Hayes, 2013). This would have missed key trends that highlight the recruitment failure occurring 
in Southern Flounder. I was also able to take a step beyond traditional single location or regional 
studies through this aggregation of data and understand both the spatial (range-wide) and 
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Table 2.3. Combinations of cold fronts and progressive warm water thresholds evaluated for the 
developing window. The cold front is defined by a temperature drop of that magnitude and I 
used the date of the second fall cold front, which was tested against the progressive warming 
thresholds that needed to persist for 10 days. Blank “Cold Front” cells with a dash (–) indicate no 
cold front was significant. Green cells indicate a significant reduction in the development 
window over years in each data set and red indicates the absence of a significant relationship. 




     
Cape Fear, NC 3.25℃ 
     
Winyah Bay, SC — 
     
Charleston, SC 1.25℃ 
     
ACE Basin, SC — 
     
Jacksonville, FL — 
     
Apalachicola, FL 4℃ 
     
Pontchartrain Basin, LA 2.5℃ 
     
Barataria Bay, LA — 
     
Vermillion Bay, LA 3.5℃ 
     
Sabine/Calcasieu, LA — 
     
Aransas, TX 2℃ 
     
temporal (across years) variability of Southern Flounder age-0 relative abundance (McClelland 
et al., 2012; Xu, Zhang, Xue, Ren, & Chen, 2015). With standardized, long-term, fishery-
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independent monitoring data, this study was able to showcase trends that although varying in 
magnitude, shape, and rate, unequivocally conclude that flounder are declining in estuaries in all 
six states where their range extends.  
 I believe this study is important because it was initiated at the same time that news media 
and state management agencies reported problems in the fishery (Davis et al., 2015; Lee et al., 
2018). Often, fish stock collapses are not identified until after recruitment and spawning stock 
biomass (SSB) bottom out and drastic management measures, such as moratoriums have been 
enacted. In these cases, studies often focus on a retrospective analysis of the causes (Myers, 
Hutchings, & Barrowman, 1997) or the recovery of a declined stock (Fernandes & Cook, 2013; 
Hutchings, 2000). My opportunity was to study a potential fishery decline as it was happening 
and deliver results relevant to fishery managers. These results are reported at a time when many 
states are considering or implementing new regulations on Southern Flounder (Murphey, 2020a; 
Murphey, 2020b; Texas Parks and Wildlife Commission, 2020) and will inform future 
management decisions, and potentially with evident range-wide declines, encourage 
collaboration and data-sharing between agencies. 
  While fishery collapses are often associated with high fishing pressure (Fernandes & 
Cook, 2013; Myers et al., 1997; Vasilakopoulos, Maravelias, & Tserpes, 2014), it rarely fully 
explains the trend and there are often a number of interactive components affecting fish 
populations. These include species’ life histories and trophic levels (Pinsky, Jensen, Ricard, & 
Palumbi, 2011), genetics, habitat alteration (Hutchings, 2000), and environmental changes 
(Payne et al., 2009). In a species such as Southern Flounder, I acknowledge that fishing pressure 
is high in some areas and certainly has a role to play in reducing biomass in state waters in the 
Atlantic (Flowers et al., 2019). However, it is known that fishing pressure does not account for 
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declines everywhere (West et al., 2020), likely meaning other factors are at play. One important 
caveat is the assumption that by-catch is being accurately quantified in places where overfishing 
was not occurring, as by-catch has been shown to play an important role in Southern Flounder 
declines (Froeschke et al., 2011).    
 Even in cases of high fishing mortality, flatfish (Order: Pleuronectiformes) exhibit high 
steepness values, where steepness is a parameter, h, that represents the slope at the start of the 
stock-recruit curve (Myers, Bowen, & Barrowman, 1999). The steepness of the stock-recruit 
slope is used to measure the degree of density-dependent compensation in the population. High 
steepness values have been estimated for similar species, such as Summer Flounder 
(Paralichthys dentatus), where recruitment was determined to be mostly independent of 
spawning stock biomass (Maunder, 2012). Specific to Southern Flounder, Midway et al., (2018) 
determined that in order to maintain population levels seen in North Carolina under high levels 
of fishing pressure, Southern Flounder not only were exhibiting a high degree of compensatory 
recruitment, but there also was likely a cryptic population offshore that contributed to 
reproduction. The assumed high degree of density-dependent compensation makes Southern 
Flounder more resilient to overfishing (Davis et al., 2015). Finally, fishing pressure is not applied 
synchronously throughout the range of Southern Flounder. If fishing pressure were the driving 
force behind these declines, we would expect to see negative trends in areas of high fishing 
pressure, but areas of lower fishing pressure remain relatively stable. Instead, declines are 






2.4.2. Spatial Synchrony 
 Spatial synchrony quantifies the concurrent changes in abundance of geographically 
distinct populations (Liebhold, Koenig, & Bjørnstad, 2004). By adding a synchrony component 
to the study, I was able to answer the question: Are temporal trends in Southern Flounder 
recruitment spatially correlated with other estuaries and, if so, to what extent? First, I established 
that 70% of correlations were positive, indicating that flounder populations have generally been 
synchronously declining in the long-term across their range, as evident by only two estuaries 
showing an increase in flounder over time. Out of 30 t-tests using pairwise specific values, only 
Matagorda Bay, TX and Pontchartrain, LA showed greater synchrony with their neighboring 
estuaries than more distant estuaries. The results indicate distance is not strongly correlated with 
age-0 relative abundance correlations for Southern Flounder. This contrasts with the synchrony 
of another estuarine fish with a similar range as Southern Flounder, Red Drum (Sciaenops 
occelatus), where populations were synchronous at intrastate levels, but not across broader 
distances (Arnott et al., 2010; Bacheler et al., 2008). 
 Secondly, when only the last five years of available data were evaluated (understanding 
that reduced time-series result in inflated correlations, but wanting to make a broader point 
without additional statistical analyses), we see 81% positive correlations, indicating more 
estuaries are exhibiting declines at the same time. Mean correlation coefficients from the 5-year 
analysis are almost double the mean long-term value (r = 0.47 vs r = 0.9), meaning that declines 
have become more strongly correlated in recent years. For the recent time-series, the lack of 
correlation with neighboring estuaries and curious occurrence of correlation with furthest 
distance estuaries again indicates the lack of a regional pattern to this synchrony. The absence of 
a relationship with neighboring estuaries could be explained by the life history of Southern 
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Flounder, a relatively short-lived fish that matures by age-1 or age-2 (Corey, 2016; Midway & 
Scharf, 2012), as faster life history species (early reproduction, shorter generation time, short 
longevity) exhibit less spatial synchrony than slower life history species (Marquez et al., 2019). 
The lack of local scale spatial synchrony, combined with the evidence for a range-wide decline is 
concerning as increased synchrony among interacting spatial populations can reduce the 
resilience of declining stocks (Koenig & Liebhold, 2016). Two potential primary drivers of the 
range-wide synchrony seen here are dispersal among populations and shifts in environmental 
variables that influence population dynamics (Liebhold et al., 2004). Although not much is 
known about Southern Flounder’s offshore spawning locations and dispersal, the range gap 
around southern Florida would indicate that widespread dispersal is not responsible for the 
synchrony in range-wide declines (Gilbert, 1986; Ginsburg, 1952). This leads us to consider a 
changing climate as the most likely explanation for widespread declines. While additional tests 
would be required to use synchrony as an explanation for the decline, this analysis does provide 
further evidences of a decline occurring. 
 
2.4.3. Changing Climate Effects 
 Widespread environmental changes are possible as circulation patterns such as the North 
Atlantic Oscillation (NAO) and El Niño-Southern Oscillation (ENSO) drive global climate 
variability, including factors such as temperature and wind direction across large scales (Cheal, 
Delean, Sweatman, & Thompson, 2007; Rodriguez-Vera, Romero-Centeno, Castro, & Castro, 
2019). These large-scale climate events have been linked with a number of fishery changes that 
could drive range-wide synchrony, including: biodiversity changes (Edgar et al., 2010), prey 
distribution (Reid, De Fatima Borges, & Svendsen, 2001), juvenile and nursery recruitment 
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(Mysak, 1986), and perhaps most notably, a reduction in catches in Peruvian fisheries (Broad, 
Pfaff, & Glantz, 2002). Additional evidence indicates NAO and ENSO may be occurring more 
frequently and are projected to double in frequency as climate change continues (Cai et al., 
2014). Based on the evidence surrounding large scale climate patterns, nonsynchronous 
application of fishing pressure, knowledge of environmental influences on Southern Flounder 
recruitment, and the range-wide, synchronous declines that lacked hypothesized local-scale 
relationships, environmental factors were investigated as correlates to explain the declines. 
 We elected to test multiple late winter and early spring months for each environmental 
correlate to account for variability in recruitment timing by location (Flounder Technical Task 
Force, 2015). By spawning and recruiting in winter months, Southern Flounder maximize their 
chance for survival by taking advantage of cooler water temperatures, and thus reduced 
metabolic demand and more favorable oceanic currents (Miller, Reed, & Pietrafesa, 1984). 
However, both GDD and winter severity were found to play a localized role in explaining the 
age-0 relative abundance trends. Five of the six GDD relationships and both winter severity 
relationships were in the Gulf of Mexico, which may report that temperature is a more important 
factor for survival in southern areas that reach higher extreme temperatures. Wind on the other 
hand was significant in all 21 of the estuaries data were obtained for, with both positive and 
negative effects on age-0 relative abundance in 13. This aligns with Southern Flounder’s use of 
physical factors for transport from offshore into estuaries (Burke et al., 1998; Enge & 
Mulholland, 1985; Taylor et al., 2010). The significant directions were highly variable by 
location. Directional variability is likely a function of the entrance to each estuary facing in a 
unique direction and having openings at different orientations. Winds with a positive affect 
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would likely be pushing flounder into and toward the estuaries where they settle, while negative 
affecting winds would keep flounder from settling in estuaries.  
 After finding inconsistent temperature effects on age-0 Southern Flounder, I 
hypothesized that declines in relative abundance could be less associated with survival and 
recruitment, and more with changing sex ratios masculinizing the population. Masculinization is 
relevant to declines in abundance and fishery catches because Southern Flounder exhibit sexually 
dimorphic growth (Fischer & Thompson, 2004; Wenner et al., 1990). Males are smaller and thus 
less susceptible to both fishery and sampling gears. Males may also spend more time in offshore 
habitats (T.M. Farmer, unpublished data; S.R. Midway, unpublished data; Reagan & Wingo, 
1985; Stokes, 1977). As a result, masculinized populations may be more cryptic to fishery-
independent and fishery-dependent surveys, resulting in lower indices of relative abundance. My 
hypothesis was spurred by the findings that Southern Flounder reared at 23℃, sexually 
determined at 50-50 male-female ratios, while changing the temperature to 18℃ or 28℃ led to 
masculinization (Luckenbach et al., 2003). The confirmation of GSD + TE occurrence in natural 
populations furthered the interest in ESD as an explanatory factor for trends in Southern 
Flounder relative abundance (Honeycutt et al., 2019). In addition, recent studies have gained a 
better understanding of the GSD + TE mechanism Southern Flounder exhibit (Luckenbach et al., 
2009; Ospina-Álvarez & Piferrer, 2008). Similar findings of GSD + TE in a related species, the 
Japanese Flounder (Paralichthys olivaceus), added further evidence to a potential 
masculinization event and contributed knowledge that the masculinization may be associated 
with elevated cortisol levels in XX genotype, phenotypic males under high temperatures 
(Yamaguchi, Yoshinaga, Yazawa, Gen, & Kitano, 2010).  
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 One key limitation of the analysis was the lack of sex ratio data. Most of the states’ 
fishery-independent sampling programs simply enumerated fish for the surveys received, as their 
primary objectives are to monitor population dynamics. Without sex ratio data, similar analyses 
directly comparing sex ratios and water temperature in estuaries throughout the range could not 
be conducted. In this absence, I sought to identify a simpler analysis that could serve to 
contribute to future work with sex ratio data and focus on the locations where ESD would most 
explain Southern Flounder population variation. In Atlantic Silversides, it was a critical period 
during juvenile development where the environment controlled sex determination (Conover & 
Kynard, 1981). In Southern Flounder, this critical period has been identified as 35–65mm TL 
(Montalvo et al., 2012), a length Southern Flounder are likely to reach in the spring after being 
spawned in the winter. The window of development was examined to determine if juvenile 
Southern Flounder had a longer or shorter window (by number of days) to develop at the mid-
range temperatures responsible for even sex ratios.  
 I defined this window of development as the time-period between the cold fronts that are 
often associated with fall spawning egress (Stokes, 1977) and the time in the spring when long 
periods of warm temperatures re-establish. If Southern Flounder have a shorter period between 
spawning and warming, then I hypothesized juvenile exposure to warm, masculinizing 
temperatures during spring would be lengthened, increasing the chances of a male-skewed sex 
ratio. A long-term review of water temperature data was previously used to show that Grayling 
(Thymallus thymallus) had experienced a 20% increase in the proportion of males between 1993 
and 2011, which was best explained by the water temperatures experienced during this species’ 
juvenile window of development (Wedekind et al., 2013). While it would perhaps be stronger to 
use consistent criteria, individual estuaries themselves are unique systems and when examined 
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range-wide, climates vary between states and latitudes. To quantify the window of development 
for each estuary, the use of a flexible criteria was necessitated as the temperatures found in one 
estuary, may not be achieved at another (ex: Pamlico Sound, NC vs Lower Laguna Madre, TX). 
However, the second cold front in the fall was used consistently as the proxy for spawning egress 
start. The second occurrence was used because the first front may occur early in the year and not 
all spawning flounder leave at the first front. However, it was anticipated by later cold fronts in 
December, most flounder that are going to spawn will have already departed the estuaries for 
offshore sites. Using the second cold front, at a temperature drop that happened at least twice, 
but the minimizing the maximum frequency of occurrence, aimed to create a developmental 
window that closely tracked the actual timing of offshore spawning activity. The warming 
thresholds were designed to represent a variety of temperatures associated with GDD and ESD 
studies. Each value was tested as warming patterns and sustained spring temperatures vary by 
location and thus different values were significant to flounder development.  
 Ultimately, the window of development is shown to be closing in a majority of estuaries 
(7 of 12) with long-term water temperature data. This means that flounder are being exposed to 
long periods of warm temperatures, giving them less time to develop in equal sex ratios between 
35–65mm TL. Most of the windows have closed dramatically, by greater than 30 days over the 
time-series, including a 67-day reduction in the window in only 12 years for Pamlico Sound, NC. 
Concerns for Southern Flounder masculinization will only continue to grow with climate change, 
as warmer temperatures are a threat to natural populations if the skewed sex ratios reduce female 
reproductive capacity (Geffroy & Wedekind, 2020). These examples of closing development 
windows further expand the possibility that Southern Flounder masculinization is occurring 
range-wide and could be leading to both declining populations and an increase in cryptic 
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individuals. I acknowledge this analysis cannot confirm sex ratios are changing in these locations 
without the proper data, but I do think it argues for the necessity to include sex ratio changes in 
the discussion of Southern Flounder stocks. I hope that future studies will be able to gather sex 
ratio data in these locations, as well as conduct their own closing window analyses when 
consistent, long-term data are available, to further investigate this hypothesis. 
 
2.4.4. Conclusion and Summary 
 I am unequivocally able to conclude that Southern Flounder are declining in both the 
long- and short-term throughout their range. My study examined a diversity of factors that could 
be contributing to range-wide declines in Southern Flounder. Many of the investigated variables 
(i.e., GDD, winter severity, and closing development window) were not universally important 
and instead significant at the individual estuary level. Wind was the only environmental variable 
to be significant in every estuary tested, supporting the importance of physical transport on age-0 
Southern Flounder relative abundance. Including the asynchronous application and effect of 
fishing mortality, no clear and leading cause of the Southern Flounder collapse was identified. 
However, as with many fishery collapses, it is likely that a multitude of factors, including fishing 
mortality, temperature, wind, seasonality, and biological development, are acting in concert to 
increase stress on Southern Flounder and contribute to negative trends in their populations. 
Future studies should seek to conduct localized evaluations of fishing pressure, environmental 
correlates, and sex ratio changes to contribute better data and analysis to our knowledge and 
management of Southern Flounder stocks. These studies are needed to evaluate and monitor the 
role climate change and variability are having on estuarine finfish. Finally, macroscale studies 
would be useful in other fisheries of concern by fostering greater intra-agency collaboration and 
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understanding the full picture of a species’ dynamics. By taking a macroscale view and applying 
consistent methodologies to local estuarine systems, fishery managers can more sustainably 




Appendix. Chapter 2 Supplemental Illustrations 
Supplemental Tables 
Table A.1. Young-of-year length cutoffs used by each state management agency to sort fishery-
independent sampling data for only age-0 Southern Flounder by length. All lengths are in 
millimeters (mm) total length. A dash (–) indicates no length cutoff is applied in that month. 
 





January – – – 27.63mm 60mm – 
February – – – 49.6mm 60mm – 
March – – – 82.5mm 80mm – 
April – 152.4mm – 125.2mm 110mm – 
May – 177.8mm 165mm 177mm 150mm 100mm 
June – 203.2mm 165mm 237.39mm 190mm 100mm 
July – 228.6mm – 237.39mm 220mm – 
August – 254mm – 237.39mm 230mm – 
September – 279.4mm – 237.39mm 240mm – 
October – – – 237.39mm 250mm – 
November – – – 237.39mm 250mm – 








Table A.2. Pairing of estuaries where winter water temperatures were analyzed and the data set 
and source used. NERRS – National Estuarine Research Reserve System; NDBC – National 
Data Buoy Center; USGS – United States Geological Survey 
Estuary Station Name Data Source 
ACE Basin, SC ACE – St. Pierre NERRS 
Apalachicola, FL AP – East Bay Surface NERRS 
Aransas Bay, TX PTAT2 NDBC 
Barataria Bay, LA 07380251 USGS 
Cape Fear, NC NOC – Research Creek NERRS 
Charleston, SC 021720710 USGS 
Jacksonville, FL SAUF1 NDBC 
Lake Calcasieu, LA 08017118 USGS 
Pamlico Sound, NC ORIN7 NDBC 
Pontchartrain Basin, LA 07374526 USGS 
Vermilion Bay, LA 07387040 USGS 
















Table A.3. Reported effective degrees of freedom (edf) and percent of deviance explained in 
GAMs for each estuary. All GAMs were fit using restricted maximum likelihood (REML) and 
the default maximum degrees of freedom, k’ = 9. Port Royal Sound, SC was fit with k’=8 due to 
a shorter time-series. Asterisk indicates year as a smoother was insignificant. 
Estuary EDF Deviance Explained (%) 
Lower Laguna Madre, TX 2.72 7.19% 
Upper Laguna Madre, TX 3.34 3.01% 
Corpus Christi, TX 4.19 4.88% 
Aransas Bay, TX 1.003 4.99% 
San Antonio Bay, TX 4.36 3.17% 
Matagorda Bay, TX 3.8 5.12% 
East Matagorda Bay, TX 4.43 6.95% 
Galveston Bay, TX 6.67 2.54% 
Sabine Lake, TX 7.5 3.61% 
CSA7/Sabine & Calcasieu, LA 7.69 6.12% 
CSA6/Vermillion Bay, LA 7.6 11.4% 
CSA5/Terrebone Bay, LA 8.44 3.9% 
CSA3/Barataria Bay, LA* 1* 0.274%* 
CSA1/Pontchartrain, LA 7.43 4.34% 
Mississippi Sound, AL* 2.15* 13.9%* 
Mobile Bay, AL 2.32 17.4% 
Little Lagoon, AL* 2.62* 14.7%* 
Perdido Wolf System, AL* 2.93* 12.4%* 
Apalachicola, FL 7.77 9.74% 
Cedar Key, FL 4.63 33.9% 
Southern Indian River, FL 3.38 29% 
Northern Indian River, FL* 1* 3.87%* 
Jacksonville, FL 8.72 13.5% 
Port Royal Sound, SC* 1.249* 0.781%* 
ACE Basin, SC 6.39 4.62% 
Charleston Harbor, SC 3.6 4.74% 
Cape Romain, SC 1.92 1.75% 
Winyah Bay, SC* 1.95* 0.421%* 
Cape Fear, NC 6.32 7.18% 
Pamlico, NC 7.11 3.24% 











Figure A.1. Plots showing the significance and magnitude of the effect of Growing Degree Days 
on age-0 Southern Flounder abundance in five Texas estuaries at different times of year. Red 
represents a negative effect and blue represents a positive effect. Darker colors were significant 





Figure A.2. Plots showing the significance and magnitude of the effect of Growing Degree Days 
on age-0 Southern Flounder abundance in three Louisiana and one Alabama estuaries at different 
times of year. Red represents a negative effect and blue represents a positive effect. Darker 





Figure A.3. Plots showing the significance and magnitude of the effect of Growing Degree Days 
on age-0 Southern Flounder abundance in four Florida estuaries at different times of year. Red 
represents a negative effect and blue represents a positive effect. Darker colors were significant 





Figure A.4. Plots showing the significance and magnitude of the effect of Growing Degree Days 
on age-0 Southern Flounder abundance in one South Carolina and three North Carolina estuaries 
at different times of year. Red represents a negative effect and blue represents a positive effect. 




Figure A.5. Plots showing the significance and magnitude of the effect of Wind Speed and Direction on age-0 Southern Flounder 
abundance in four South Texas estuaries at different times of year. Red represents a negative effect and blue represents a positive 




Figure A.6. Plots showing the significance and magnitude of the effect of Wind Speed and Direction on age-0 Southern Flounder 
abundance in four North Texas estuaries at different times of year. Red represents a negative effect and blue represents a positive 




Figure A.7. Plots showing the significance and magnitude of the effect of Wind Speed and Direction on age-0 Southern Flounder 
abundance in four Louisiana and one Alabama estuary at different times of year. Red represents a negative effect and blue represents a 




Figure A.8. Plots showing the significance and magnitude of the effect of Wind Speed and Direction on age-0 Southern Flounder 
abundance in four Florida estuaries at different times of year. Red represents a negative effect and blue represents a positive effect. 




Figure A.9. Plots showing the significance and magnitude of the effect of Wind Speed and Direction on age-0 Southern Flounder 
abundance in three North Carolina and one South Carolina estuary at different times of year. Red represents a negative effect and blue 
represents a positive effect. Darker colors were significant and lighter colors were not significant at the α = 0.05 level.
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